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PREFACE. 


THE present volume contains twelve papers, seven of which were issued under the auspices of the 
Joint Research Committees of the Institute and the British Iron and Steel Research Association, 
which were presented at the Annual General Meeting of the Institute held in London on Ist and 2nd 
May, 1946, and also the discussion and correspondence on them. Correspondence on five papers (two 
of them Joint Committee papers) which were presented at this Meeting, but printed in the No. II. 
volume of the Journal for 1945 as they had been set in the smaller format, is also included. In 
addition, further correspondence and the authors’ reply on a paper included in the No. II. volume 
for 1945, the correspondence on five papers (two of them Joint Committee papers) presented at this 
Meeting, but published in the preceding Journal (having been set in the smaller format), a publication 
notice of Special Report No. 31, “The Effects of Different Methods of Pretreating Iron and Steel 
before Painting,” by F. Fancutt, and the text of the First Hatfield Memorial Lecture are also included 
in this book. 


Section I. of this volume contains the above material together with the Minutes of the Proceedings 
of the Meeting, the Report of Council and Statement of Accounts for 1944, and the Presidential 
Address. 


Section II. is devoted to a survey of the literature of the manufacture and properties of iron and 
steel, and kindred subjects, and consists of a collection of abstracts of articles from the Transactions 
and Proceedings of scientific societies and from the technical press. This Section also contains reviews 
of recent books and bibliographies of literature dealing with the manufacture and properties of iron 
and steel. The matter included in this Section has already appeared in the Bulletin of The Iron and 
Steel Institute, which is issued monthly. 


In front of the title-page are inserted lists of Bibliographies and Special Reports issued by the 
Institute, together with a list of Transactions made available between Ist July, 1946, and 31st 
December, 1946. 


4, GROSVENOR GARDENS 
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1946 


MINUTES OF PROCEEDINGS 


AND 


PAPERS AND DISCUSSIONS 


AT THE 


ANNUAL GENERAL MEETING, 1946. 


THE SEVENTY-SEVENTH ANNUAL GENERAL MEETING Of THE IRON AND StEEL InstrTUTE was held at 
the Offices of the Institute, 4 Grosvenor Gardens, London, 8.W.1, on Wednesday and Thursday, Ist and 
2nd May, 1946. The sessions on the Wednesday started at 9.45 a.m. and at 2.30 p.m. and that on the 
Thursday at 9.0 a.m. Mr. ArtHuR Dorman, Retiring President, was in the Chair during the first part 
of the proceedings, his place being afterwards taken by Dr. C. H. Drscu, F.R.S., the new President. 


The minutes of the previous Meeting were taken as read and signed. 


OBITUARY. 


The Prestpent (Mr. Arthur Dorman): I have 
to report the death of a Past President of the In- 
stitute, Sir Francis Samuelson, Bt., who was 
President in 1922-24. He was an old friend and 
colleague of mine on the Board of Messrs. Dorman, 
Long & Co., Ltd., and he did sterling work for 
the industry. He had reached a comparatively 
advanced age. 

Dr. Vladislav Sykora, an Honorary Vice-Presi- 
dent, died in November, 1945. I have also to 
record the death of another old friend, Harold E. 
Wright, the Bessemer Medallist of last year, who 
died suddenly from a heart attack. 


WELCOME TO MEMBERS ATTENDING THE MEETING. 


The Presipent (Mr. Arthur Dorman): It is 
pleasant to see such a good attendance at this 
meeting; it is a good augury for the future. I 
offer a cordial welcome to you all. A number of 
foreign and oversea members are now able to be 
with us, and I welcome them most heartily. I 
cannot mention them all by name, but you will 
forgive me if I refer to the presence of His Excel- 
lency the Minister for Luxemburg, Dr. Andrew 
Clasen, whom we made an Honorary Member 
last autumn, and Dr. George B. Waterhouse, who 
is this evening going to give us the first of the 
Hatfield Memorial Lectures. We also have with 
us Mr. Howard Biers, from Canada, who comes 
to our meetings so often that we almost think he 
is a native. We have a number of visitors from 
the Broken Hill Proprietary Company of Australia. 
Sefior Ramon Quijano and other Spanish friends 
have come to see us, and we have with us also an 
old friend, Dr. Durrer, from Switzerland, whom 
we have not seen for a long time. We have with 
us a few French, Belgian, and Dutch friends, 
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including M. Bastien from France and M. Zimmer 
from Belgium. We hope that many more will be 
able to come.next year from these countries. 
Lastly, we have a strong delegation from Sweden, 
where the Jernkontoret is going to celebrate next 
year the 200th anniversary of its foundation. 


PRESENTATION OF REPORT OF COUNCIL AND 
STATEMENT OF ACCOUNTS FOR 1945. 


The Presipent (Mr. Arthur Dorman), in pre- 
senting the Report of Council for 1945, said: 
There has been an increase of 10°% in the number 
of members of the Institute which at the end of 
last year was 3,356. After to-day’s election we 
shall have about 3,700 members. This is a far 
larger figure than we ever contemplated before 
the war, and is good evidence that the Institute is 
doing work which is needed. 

I think that this meeting is happy evidence 
that the war is over, even if many difficulties are 
still before us—and in the steel trade I do not 
think we can forget that fact to-day! The pre- 
sence of so many visitors from overseas shows 
that some of the war-time restrictions have been 
relaxed. 

The chief event during the year has been the 
arrangements which have been made for affilia- 
tion with local societies and for collaboration with 
the British Iron and Steel Research Association. 
I attach great importance to the local societies. 
We have with us to-day Mr. Patchett, of the 
Cleveland Institution of Engineers, in which I 
naturally take a great interest. In that body, by 
reducing our subscription from £2 2s. to 15s., we 
quadrupled our membership in a few months. 
Affiliation with the Institute does help these local 
societies. 

With regard to research, excellent arrangements 
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have been made for collaboration with the British 
Iron and Steel Research Association. They are 
going to take over the Joint Research Committees, 
and we are going to organize library and informa- 
tion departments for both bodies; and we shall 
print and publish their reports and papers. I 
hope that we shall be able to do many things 
jointly, such as arranging special meetings for 
sections of the industry, and so on. I think that 
we can help them also in their foreign relations. 

In accordance with these arrangements, the 
Steel Castings Research Committee was dissolved 
at the end of the year, and the work taken over 
by new Committees operating under the Research 
Association. I am sorry that Mr. W. J. Dawson, 
who has done such good work as Chairman of the 
Steel Castings Research Committee, cannot be 
with us to-day, and we hope that he will soon be 
fully restored to health. The Committee on the 
Heterogeneity of Steel Ingots is to continue, but 
it is transferred to the Research Association as 
from to-day. The Alloy Steels Research Com- 
mittee and the Corrosion Committee will be 
transferred later. These Joint Research Com- 
mittees have a grand record of work behind them. 
It is more than 21 years since Dr. Hatfield formed 
the Committee on the Heterogeneity of Steel In- 
gots, which has held exactly 150 meetings. I am 
sure that we are all proud of their work and grate- 
ful to the members who have done it. We hope 
that equally good and perhaps better work will be 
done in the future. 

This seems an appropriate time to congratulate 
Sir Charles Goodeve, O.B.E., F.R.S., the Director 
of Research, on his knighthood. We are very 
pleased that he and Sir John Duncanson have 
joined our Council, and I am sure that we can help 
each other. 

On the subject of education, | need only refer 
very briefly to the work of the Joint Committee 
on Metallurgical Education and to the National 
Certificates in Metallurgy, which are still in their 
infancy, but doing well. The new Institution of 
Metallurgists has received so many applications 
for membership—well over a thousand in a few 
months—that [ am told that the staff and the 
Council cannot keep pace with them; the Institute 
of Metals and our own Institute are providing 
secretarial assistance. I am sure that it is right 
that we should encourage this Institution, so that 
we can all continue to work closely together. 

Most of you will already have read in the Press 
of the generous offer which Dr. Griffiths and The 
Mond Nickel Co., Ltd., made a few weeks ago, to 
present £50,000 for Fellowships in Metallurgy. 
We and the other institutions to whom the offer 
was made jointly have accepted it with gratitude 
and enthusiasm. I am glad to see Dr. Griffiths 
here this morning, so that I can thank him on 
behalf of us all. I think that this is a very good 
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proposal, and will do a great deal in helping and 
encouraging young men of ability to become 
metallurgists. An announcement about the 
awards will be made as soon as arrangements 
have been completed, and we hope that this will 
be in time to make it possible for the first Fellow- 
ships to be given this summer. 

With regard to publications, the Council have 
been giving a great deal of attention to the future. 
As soon as possible we want to bring out the 
monthly Journal, which had to be postponed on 
the outbreak of war. As a first step, the size of 
the paper has been increased. We have other 
plans which I hope will result in our providing a 
service which will help the local societies and all 
those in our industry. 

I shall ask Mr. Lyttelton, the Honorary Treas- 
urer, to present the Accounts, but before doing so 
I would mention that we have with us Mr. Pye- 
Smith, who attended his first meeting of the 
Institute fifty years ago, and whom we are glad 
to see looking so well. (Applause.) 


Mr. A. 8S. Pyze-Smira: I did not become a 
member of the Institute until 1900, but 1 accom- 
panied my father in 1896 to the meeting in Bilbao, 
of which I have very happy recollections. 


The Hon. R. G. Lytrentton (Honorary Trea- 
surer) presented the Statement of Accounts for 
1945 (see pp. 28 P-31 P) and in doing so said: 
I should like to draw attention to some of the 
figures, because they occasionally give rise to 
some anxiety, and we all ought to take a share in 
that. In the Income and Expenditure Account it 
will be noticed that the ordinary income increased 
by £1,500, whilst the expenditure increased by a 
slightly greater amount, £1,573. The chief item 
in the increase of £1,500 in the income comes from 
the increase in members’ subscriptions, £675. 
The item Sales of Publications has increased by 
£642. The increase in expenditure of £1,573 is 
largely accounted for by the increasing cost of 
publications. Publishing and printing give us a 
good deal of anxiety, both on account of their cost 
and on account of the delay in getting the printing 
done. It is nobody’s fault on the printing side, 
and we are usually able to present to you a printed 
Report of Council. The cost of publications 
increased by £1,276. 

The new activities referred to by the President 
have cost the rather modest additional sum of 
£500. The Institute assisted in launching the 
National Certificates; the increased affiliation 
with local societies cost £82, and there was a grant 
of £250 towards the initial expenses of the Institu- 
tion of Metallurgists. We hope that that body 
will become self-supporting; it is very anxious 
to do so. 

It will be noticed that salaries, curiously enough, 
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have been reduced by £1,056. This is partly due 
to the reorganization resulting from the closer 
collaboration with the Institute of Metals, but 
mainly to the shortage of suitable staff. Addi- 
tional staff is urgently needed. We are very short 
of typing and other staff. If members find they 
are not getting prompt answers to their letters, 
while we should like to know of any real com- 
plaints that exist, we hope they will realize that it 
is due to the very acute shortage of staff and to 
the increasing membership, which makes it some- 
what difficult for the staff to keep abreast of their 
work. The total salaries will be substantially 
greater when the Institute is operating on a full 
peace-time basis. We have made some new 
appointments since the end of the year, and others 
will be made as soon as suitable men and women 
can be found. In that connection, I should like 
to pay a tribute to the staff for carrying on 
amid so many difficulties. We are very much 
beholden to them; they work early and late. 
(Applause.) 

The net balance carried forward is slightly 
reduced, at £415. This is arrived at after taking 
into account the special subscriptions from com- 
panies, for which we are very grateful indeed. As 
Treasurer, I appreciate that £4,672 is a very 
substantial help to receive from the steel com- 
panies who kindly contribute. Those special 
subscriptions will come to an end shortly, and it is 
not intended to ask for them to be renewed; we 
shall try to get on without them. They have 
been extremely useful to us, and have enabled us 
to place to Reserve and Suspense Accounts 
£1,908, which is quite a substantial figure. 

That brings me to the Balance Sheet, which 
shows that the Reserve and Suspense Accounts 
now total £14,657, a substantial reserve. The 
policy of the Council during the war has been to 
put aside such money as could not be usefully 
spent, and this conservative policy should make 
it possible for increased service to be given to 
members when restrictions are removed and staff 
becomes available. 

Finally, there are the trust funds. The financial 
position of the trust funds is very good. During 
the war, a substantial sum has been placed to 
reserve. The Council hope that as conditions 
become more normal there will be increased 
opportunities of spending the income usefully, 
thus fulfilling the purpose for which the funds 
exist. Two Williams Prizes were presented in the 
last financial year, because none was presented the 
year before. No new Carnegie Scholarship has 
been given up to date, but the Carnegie Fund is 
always before the Council, and we try to expend it 
usefully. 


The PRESIDENT moved the adoption of the 


Report of Council and Statement of Accounts for _ 


1945, and that the thanks of the meeting be 
accorded. to the Honorary Treasurer for his care 
of the finances of the Institution. The motion 
was carried unanimously. 


AWARD OF THE BESSEMER GoLp MEDAL FoR 1946 
to Mr. J. 8. Hotxies, C.B.E. 


The Presiprent (Mr. Arthur Dorman) : I now 
have the pleasant duty of presenting the Bessemer 
Gold Medal for 1946 to Mr. J. 8. Hollings, C.B.E. 
(Applause.) He has been all his life in the iron 
and steel industry. We first met in 1905 at 
Brymbo. Dorman Long had recently built their 
Port Clarence steelworks and were anxious for 
information on active mixers, and so three or four 
of us went to Chester, and then to Brymbo, where 
we met Sir Henry B. Robertson, Chairman, and 
Mr. J. H. Darby, Managing Director of the Com- 
pany. Mr. Hollings was fortunate in having in 
his younger days contact with such a great 
pioneer as Mr. Darby. The works at Brymbo 
were small, but Mr. Darby made many extra- 
ordinarily good innovations, and certainly that 
visit taught us a great deal and gave us some 
information that we badly wanted. 

Then Mr. Hollings became interested in coke 
ovens and by-product plants—this was in their 
earlier days—and supervised the erection of plants 
in various parts of the country. He later became 
Managing Director of Brymbo, and when they 
were taken over by Baldwins he joined the Board 
of that Company and took a great interest in the 
management of their Port Talbot works. He 
built the Cardiff works of Guest Keen Baldwins, 
which are amongst the finest in the country, and 
were completed in 1936.- There is no doubt that 
they owe a great deal to Mr. Hollings; the layout 
was arranged largely on his advice. 

Mr. Hollings is a member of the Board of Messrs. 
Guest Keen Baldwins Iron and Steel Co., Ltd., 
and its subsidiary companies. He is Chairman of 
the Pig Iron Conference under the British Iron 
and Steel Federation, and a member of the Council 
of that body. He is a member of the Council of 
the British Iron and Steel Research Association, 
and a Vice-President of The Iron and Steel Insti- 
tute. He did a war-time job by helping to black out 
our works for us, which was a very difficult piece of 
work. The most miserable time I have ever had 
was on the few occasions when I wandered about 
our blacked-out works at night, and we have to 
thank Mr. Hollings for that! To show their 
appreciation, the Ministry of Home Security 
gave him the C.B.E., which was without doubt 
richly deserved. Mr. Hollings was also one of the 
consulting engineers on the building of the South 
African Iron and Steel Corporation works in 
Pretoria. 

We shall all agree, therefore, that Mr. Hollings 
has well deserved the highest honour which this 
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Institute can bestow, the Bessemer Gold Medal. 
(Applause.) 


The PRESIDENT, amid applause, then made the 
presentation. 


Mr. J. S. Hotties (in reply) said: The Presi- 
dent has already said so much in such a kind way 
about me that I feel there is no need for me to say 
anything, but I should like to assure the Council 
and all the Members that I highly appreciate 
receiving this great honour—for it is a great hon- 
our—at what is rapidly nearing, at any rate, the 
close of my career. 

I should like to take a few minutes in referring 
to one or two points which may be of interest. 
The President was not quite correct in saying that 
I started life in the iron and steel trade. I started 
my life down the pit, and served for a sufficient 
time down the pit to qualify for colliery manage- 
ment. When, however, Mr. John Darby gave me 
the chance of going abroad and learning what I 
could about the coke-oven trade, I accepted, and 
in 1893 I went to Belgium, where I was fortunate 
enough in a period of three months to see three 
different coke-oven plants started up. As a 
matter of fact, I more or less started the third 
myself, because the manager was courting and 
preferred to spend his time elsewhere! It was an 
invaluable experience for me. 

Unfortunately, my then chief, John Darby, had 
a severe illness which laid him aside for two years, 
so that I was very much on my own. Young 
men to-day can hardly conceive the position. I 
had only one other man on the job who knew 
anything about it. We were the first to have by- 
product ovens attached to an iron and steel works 
in this country, and for the first fortnight I did 
not take my clothes off; I slept on the floor of the 
engine house. 

By-product coke, as some of you will know and 
others may have read (it is a long time ago now), 
was not at all well received by blast-furnace people 
in the early days, and, having seen some of the coke 
that was made, I am not surprised; but we had 
to do the best we could with what we had. We 
had a very high-volatile coal, and, unfortunately 
for me, alongside the by-product plant were a 
considerable number of beehive ovens, and the 
manager of the beehive-oven plant never ceased 
jibing at me for the coke we were making. 

We carried out a number of experiments in 
blending coal, and definitely established that, by 
mixing up to 10%, and not more, of anthracite 
with the high-volatile coal, we improved our coke 
to the extent that the coke consumption of the 
blast-furnace was reduced by about 10%. How- 
ever, as we were able to buy small coal at 2s. 6d. 
per ton at the pit, and had to carry the anthracite 
from South Wales at 12s. 6d., we had to look about 
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for other ways of doing it. Eventually, about 
1899, we went in for compressing the charge 
before putting it into the oven. That proved an 
entire success; it gave us a coke consumption of 
14 cwt. less per ton of pig iron, and made a really 
good coke. 

As far as the coke-oven plant was concerned, 
the only original experiment which we tried was 
the recovery of cyanide. We ran it for about 
two years, but it did not prove a success and had 
to be given up. 

Following that, my next experience, as the 
President has said, was in going about the country 
starting up various by-product plants. I re- 
turned to Brymbo about 1901 to take charge of 
blast-furnaces. There I can claim without 
hesitation to have been the first person to intro- 
duce the oxy-coal-gas jet for furnace purposes. 
We happened to be, as a good many furnaces are 
occasionally, in a most fearful mess, with five out 
of our six tuyeres closed up, and it was quite 
impossible to open the tap-hole. There must be 
very few men here who remember the days when 
the only way to open a tap-hole was with a chisel 
and bar anda hammer. I got into touch with the 
patentee in Germany; within 48 hr. he came over, 
and in less than 4 hr. had opened all the five tuyeres, 
with less than half a cylinder of oxygen. I have 
often thought that no invention has taken a 
greater load off the blast-furnace operator’s mind 
than that, for now he can use the oxygen jet to 
get out of trouble. 

About the same time, I first used what was 
called “‘ black jack.’”’ In 1908 we lined a new 
blast-furnace which we had built with a complete 
carbon lining of the hearth, and obtained very good 
results. The lining came in block form from 
Germany, but it was very expensive, and when 
relining the furnace we used the ordinary fireclay 
brick. In 1910 we put in a dry-blast plant and 
operated that until the 1914-18 war came, when 
the Ministry which corresponded to the present 
Ministry of Supply said ““ We want your refrigera- 
tor coils for a much more important job ” and took 
them away, and they were never restored. 

I have been extraordinarily fortunate through- 
out my career, first of all, in the men under whom 
I have served and, secondly, in the staff I have 
had under me. I started under John Darby, a 
man of enormous energy who early in his career 
became unable to get about the country, and who 
used to send me. I think that between 1895 and 
1912 there was hardly a year when I did not go 
abroad to visit one works or another, and some- 
times I went two or three times a year. I worked 
with Darby until he left Brymbo in 1908. Ten 
years after that, as the President has said, I joined 
Baldwins, and for a time served under Sir John 
Roper Wright, who was also a pioneer. With the 
late Sir William Siemens, he introduced the re- 
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generative furnace into this country and made the 
first acid open-hearth steel. Sir John at that time 
was advanced in years, and on his death I came 
under my present chief, who is known to you all 
and throughout the trade all over the world. I 
have always received the same encouragement and 
friendly treatment from Sir Charles Wright as I 
had from my earlier chiefs. I hope that the 
young men here may be as fortunate in that 
respect as I have been. 

One thing more. We meet here as a technical 
Institute, and perhaps may be inclined to attach, 
and quite rightly, great importance to technical 
achievements; but, looking to the future, I fancy 
that one of the most important ways in which we 
can improve our practice and our output is by 
getting closer to our men. (Applause.) 


The Presipent (Mr. Arthur Dorman): Mr. 
Hollings has given a great deal of credit to others, 
but I feel that his own personality and ability 
have had much to do with his success. (Applause.) 


PRESENTATION OF WILLIAMS PRIZES. 


The Presipent (Mr. Arthur Dorman): This 
year two Williams Prizes have been awarded, one 
to Dr. R. Jackson, of Messrs. Hadfields, Ltd., for 
his paper on “ The Application of Radiography to 
the Improvement of Foundry Technique’’; and 
the other to Mr. T. F. Pearson, of Messrs. Colvilles, 
Ltd., for his paper on “‘ The Improvement of the 
Citric-Acid Solubility of Basic Open-Hearth Slags 
containing Fluorspar.”’ (See Journal of The Iron 
and Steel Institute, 1945, No. I., pp. 225 p- 
259P, and 1945, No. II., pp. 441 P-453 p, 
respectively.) ~ 


The President then, amid applause, presented 
the two Williams Prizes. 


FORMATION OF AN IRON AND STEEL 
ENGINEERING GROUP. 


The Secretary (Mr. K. Headlam-Morley) : 
Arising out of a meeting of the Council held in 
March, it has been decided to set up an Iron and 
Steel Engineering Group of members of The Iron 
and Steel Institute to carry out the activities and 
functions of the Institute for engineers engaged in 
the iron and steel industry and in the design and 
manufacture of plant for the industry. As head 
of the Group, an Engineering Committee has been 
set up under the Council. It will organize dis- 
cussions and conferences, both centrally and 
locally, on subjects of interest to members of the 
Group. Affiliated local societies will be asked to 
collaborate. The Committee will also encourage 
the publication of papers on such subjects and 
take such other action as is necessary to meet the 
objects of the Group. 

A circular will be issued on the subject. Mem- 
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bers of the Institute who wish to become members 
of this Group should return the circular to me. 
Others interested should join the Institute in the 
ordinary way, indicating their desire to join this 
Group also on their application form. There is no 
additional membership fee. 


CHANGES ON THE COUNCIL. 


The Sroretary (Mr. K. Headlam-Morley) : 
I have to report the following changes on the 
Council since the last General Meeting in the 
autumn : 


New Honorary Vice-Presidents—Mr. Fred 
Clements, Mr. E. J. Fox, and Sir William 
Larke, K.B.E. 


New Vice-Presidents—Mr. W. J. Dawson 
and Mr. G. H. Latham. 


New Members of Council.Sir Arthur Mat- 
thews, Mr. C. R. Wheeler, Mr. D. F. Campbell, 
and Dr. J. W. Jenkin. 


New Honorary Members of Council.—Sir 
Charles Goodeve, O.B.E., F.R.S. and Sir John 
Duncanson. 


In addition, the following Presidents of other 
societies have become Honorary Members of 
Council during their periods of office: Colonel 
P. G. J. Gueterbock, succeeding Dr. W. T. Griffiths 
(Institute of Metals); Mr. J. H. Patchett, follow- 
ing Mr. L. Wright (Cleveland Institution of 
Engineers); Mr. H. Bull, succeeding Mr. A. A. 
Munro (Sheffield Metallurgical Association); Mr. 
Ambrose Firth, succeeding Mr. F. Wardrobe 
(Sheffield Society of Engineers and Metallurgists) ; 
and Wing Commander J. B. R. Brooke, succeed- 
ing Mr. C. A. J. Behrendt (Lincolnshire Iron and 
Steel Institute). 

Principal Edwards, who had been nominated an 
Honorary Vice-President, has resigned his member- 
ship of the Council as he is unable to attend the 
meetings. The Council have accepted his resigna- 
tion with regret. 

In accordance with Bye-Law No. 10, the names 
of the following Vice-Presidents and Members of 
Council were announced at the last Autumn 
Meeting as being due to retire at the present 
Annual Meeting. As Sir William Larke, K.B.E., 
has become an Honorary. Vice-President, and Mr. 
W. J. Dawson has been elected a Vice-President, 
Dr. A. McCance, F.R.S., and Mr. E. F. Law become 
due to retire in their place : 


Vice-Presidents—Mr. J. R. Menzies-Wilson, 
Mr. C. E. Lloyd, and Sir William Larke, K.B.E. 


Members of Council._—Professor J. H. Andrew, 
Mr. W. B. Baxter, Mr. W. J. Dawson, Mr. 
Gerald Steel, and Mr. I. F. L. Elliot. 


No other members having been nominated up to 


6P BALLOT FOR THE ELECTION OF MEMBERS AND ASSOCIATES. 


one month previous to the present meeting, the 
retiring Vice-Presidents and Members of Council 
are presented for re-election. 


Tue IRON AND STEEL INSTITUTE FOUNDRY 
PRIZE. 


The Secretary (Mr. K. Headlam-Morley) : The 
Iron and Steel Institute Foundry Prize, awarded 
to the candidate in the degree examinations at 
Sheffield University who obtains the highest 
number of marks, was this year awarded to Mr. 
P. W. Hyde. 


BALLOT FOR THE ELECTION OF MEMBERS 
AND ASSOCIATES. 


Mr. J. H. Patcuett (Middlesborough) and Mr. 
J.T. Wricut (Stourbridge) who were appointed 
scrutineers of the ballot, reported that the follow- 
ing two hundred and ninety-six candidates for 


membership and ninety-three for associateship 


had been duly elected : 


MEMBERS. 


Aat, WittEeM, Amsterdam, Holland. 

ADAMS, JOSEPH Harry, Mostyn, Flintshire. 

AGEEW, Professor NicHoLtas W., D.Sc., Met.Eng., Mos- 
cow, U.S.S.R. 

Axsu, Aziz, Karabuk, Turkey. 


XANDER, GEORGE FREDERICK, Transvaal, South 
Africa. 
ALLEN, KennerH AtrreD, M.Sc. (N.Z.), A.R.I.C., 


A.A.C.I., Melbourne, Australia. 

ALMUNIA Y DE Lr6én, Joaguin, Bilbao, Spain. 

ANDERSON, ALEXANDER LarrpD, Cambuslang, Scotland. 
MANN, Bror Nits Jacos, Bjérneborg, Sweden. 

ASTLEY, WILLIAM, Weybridge, Surrey. 

AtHa, ANDREW, London. 

AULD, JAMES, Paisley. 

AUSTIN, VicToR, Swansea. 

BapDGER, ARTHUR, Rotherham. 

BAGNALL, FrRanK Taytor, Stocksbridge, Sheffield. 

BaxtTER, ALAN Hoots, Sheffield. 

Bayinpir, Dipl. Ing., Ismaiz, Karabuk, Turkey. 

BAYLAS, VAHDET, Karabuk, Turkey. 

BayRAMOGLU, KEENAN, Karabuk, Turkey. 

BEESE, JOHN JAMES, Ebbw Vale, Mon. 

BrIGHTON, ALFRED, Sheffield. 

Betz, Davin, Corby, Northants. 

Brett, Doucias James, Corby, Northants. 

BELL, Haroxp, Consett, Co. Durham. 

BrresrorD, W. L., Stanton, Nottingham. 

Brissy, Ertc WintERS, Stocksbridge. 

BisHop, ALFoNnso Osispo, Asturias, Spain. 

BuLacKBouRN, J. I., Stanton, Nottingham. 

BLACKLEDGE, Brerrram Ewart, M.I.Chem.E., Port 
Talbot, Glam. 

Bratr, JAMES STONE, Ebbw Vale, Mon. 

Bthax, ArtHuR Rosert, M.A., Singapore. 

Boxkt, Pot Gustave, La Louviére, Belgium. 

BovUcHET, JEAN, Paris, France. 

Bowen, N. B., Stanton, Nottingham. 

BRACHET, CLAUDE, Paris, France. 

BRADWELL, L., Stanton, Nottingham. 

Bramuatt, E., Stanton, Nottingham. 

Branpsma, Professor Dr. Tr., Delft, Holland. 

Brovurttet, Ienace, B.Sc., Montreal, Canada. 

Brown, Joun Wiuuis, B.A., M.I.Mech.E., Shifnal, 
Shropshire. 


Brun, Max, Rombas, Moselle, France. 

Bruton, ALBERT LESLIE, London. 

Bryant, JACK Ronatp, B.Sc.(Eng.), Bedford. 

Burton, Harry Wane, London. 

Butter, JoHN HENLEY, Consett, Co. Durham. 

Catrns, JAMES, Cambuslang, Scotland. 

Camp1IsI, FeRHAN, Karabuk, Turkey. 

Capmany ARBAT, JOSEPH, Mieres, Spain. 

Crarrns, C., Stanton, Nottingham. 

CHapEyron, A. A. G., B.Sc.(Lond.), A.R.I.C., Middles- 
borough. 

CHILD, VERNON WALTER, Ipswich. 

CHOMELLE, PIERRE, Paris, France. 

Criasen, Leo A., London. 

CiaybDon, SyDNEY EpWwarD, Birmingham. 

CLEMINSON, GEORGE, Bulawayo, Africa. 

Curt, ALFRED, Bilston, Staffs. 

Coox, ALBERT EpwaRD, Darnall, Sheffield. 

Cooxn, RoGer GresHam, M.A., Sheffield. 

Corks, JosEPH, Middlesborough. 

CornFrortTH, STEPHEN, Middlesborough. 

CorNUBERT, Professor RayMonD, Nancy, France. 

CouUDEL, JEAN, Réhon, France. 

Cox, OLIVER, Bilston, Staffs. 

CRANCKE, GEORGES, Valenciennes, France. 

CRAVEN, STANLEY WILLIAM, Northwich, Cheshire. 

CRELLIN, GEORGE, Corby, Northants. 

Crort, JOHN EDWARD, Consett, Co. Durham. 

CUTHBERTSON, JOSEPH WILLIAM, B.Sc., M.Sc., D.Sc., 
Greenford, Mdx. 

CuTHILL, ALEXANDER Scott, Sheffield. 

DANIEL, JOHN Lestig, Corby, Northants. 

DARDENNE, RoGcerR L., Louvroil, France. 

Davies, Emrys, Landore, Glam. 

Davies, Henry Hue Joynson, Irlam, Manchester. 

Davies, Ivor, Ebbw Vale, Mon. 

Davies, JOHN TALFRYN, Port Talbot, Glam. 

Denuam, JAmeEs, Middlesborough. 

DenizMan, Turcut, Karabuk, Turkey. 

Dras pA FonsEeca E ALMEIDA, EpuaRDO HUBERT, 
Lisbon, Portugal. 

Dossins, Norman Epwin, Ph.D., M.Sc., B.Se.(Lond.), 
Transvaal, South Africa. 

Doganay, CemAL, Karabuk, Turkey. 

DoxueErty, FREDERICK CAMPBELL, Corby, Northants. 

Drang, Henry Donatp Hector, Ph.D., M.Sc., 
A.M.I.E.E., A.M.I.Chem.E., London. 

Dunwop, JoHN D., Bilston, Staffs. 

Durton, A., Irlam, Manchester. 

ECKERSLEY, FREpRIC, Belfast, N.I. 

Exttwoop, Epwin Cyrit, B.Sc.(Eng.), Newcastle-on- 
Tyne. 

ERSKINE, JOHN, B.Sc., Burnside, Lanark. 

Erxsr, Dipl. Ing. Sepat, Karabuk, Turkey. 

Femir, Dipl. Ing., MEHMET, Karabuk, Turkey. 

FrEnsBy, Cotin Ronap, Edinburgh. 

Fiennes, Maurice ALBERIC, Sheffield. 

Fincu, STEPHEN LONSDALE, Letchworth, Herts. 

Finn, JosepH, Newcastle, N.S.W., Australia. 

FREEMAN, Henry ALFRED, Corby, Northants. 

Freeman, REGINALD Ernest, B.Sc., Mostyn, Flintshire. 

FritH, JoHN GRroosy, Sheffield. j 

GreveErs, MicHEt, A.I.Ig., Grivegnée, Belgium. 

GLEN, James, Corby, Northants. 

Gizn, Joun, Corby, Northants. 

GuEN, JoHN, Market Harborough, Leics. 

GODENNE, JEAN, Anzin, France. 

Goxyierr, Nrcati, M.Sc., Karabuk, Turkey. 

GonENC, Remztye, Karabuk, Turkey. 

GooDFELLOW, STANLEY, London. 

GoopLaD, WILFRED Horace, Sheffield. 

GorMAN, LEONARD, Corby, Northants. 

GOssEDGE, WILLIAM OswaLp, Ebbw Vale, Mon. 

GraaF, Ir. Y. E. pz, Ymuiden, Holland. 
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Grant, THomAS Mors, F.C.I1.S., F.I.C.A., Newcastle-on- 
8. 

Grecory, DonatD, Ebbw Vale, Mon. 

GRUNIAUX, Marcet Emits, Longwy-Bas, France. 

GunpDay, Farux, Karabuk, Turkey. 

GUNDERSON, CHARLES TERENCE, Newcastle, N.S.W., 
Australia. 

HaBeEersHon, JOHN WinTER, M.A., Rotherham. 

Hapersnon, RicHarp Percy Rrx, Rotherham. 

Happen, Witii1aM M., Giffnock, Renfrew. 

Haupar, ManmMATHA Kumar, M.Sc., B.Met.(Hons.), 
Sheffield. 

Hatet, Emir A., London. 

Harris, Ivor, East Moors, Cardiff. 

Harris, Leo, Landore, Glam. 

Harris, RoNALD HERBERT, B.Sc., A.R.S.M., London. 

Hart, Witi1am Watson, Consett, Co. Durham. 

Henverson, Miss Isanen JEAN, M.Sc., Avonmouth, 
Bristol. 

Hey, Joun, Consett, Co. Durham. 

Hime, MERVYN GEORGE WALTER, Rio de Janeiro, Brazil, 
S. America. 

HiPwe.., Crecri, London. 

Hirst, Henry, Ph.D., B.Sc. (Eng.), Melbourne, Australia. 

Hirst, THomas Baytiss VERNEY, Manchester. 

Hocarru, Tuomas A., Lianelly, Carmarthenshire. 

Houipay, JosHuA DuMVILLE, Irlam, Manchester. 

Hopkins, Donatp WALTER, B.Sc., Swansea, Glam. 

Horasiy, W., Stanton, Nottingham. 

Hornssy, WittiamM, A.M.Inst.W., London. 

Howven, Hueu, Glasgow. 

Hott, Jonas, Boxholm, Sweden. 

Hynp, Joun, London. 

Inter, Hazim, Karabuk, Turkey. 

IsFENDIYAROGLU, Dipl. Ing., Fatin, Karabuk, Turkey. 

IvEens, KENNETH, Corby, Northants. 

Iverr, ALBERT EDWARD, Landore, Glam. 

JACKSON, W., Stanton, Nottingham. 

JARVIS, EpMUND ERNEST, B.Sc., Singapore. 

JOHNSON, WILLIAM ARNOLD, M.A., 
M.1I.Mech.E., Stocksbridge, Sheffield. 

JONES, JOHN RAaymonp, Landore, Glam. 

JonEs, RoBert, B.Sc., Bilston, Staffs. 

JoNnES, STANLEY, Bradford. 

Jones, THomas Water, Landore, Glam. 

Katine, Sven Orto Sture, Met.(Eng.), Nykroppa, 
Sweden. 

Kaprautl, Dipl. Ing. EkREM, Karabuk, Turkey. 

Kaan, Maumoup, M.Sc., Leeds. 

Kaan, SiresH CHANDRA, B.Sc., Calcutta, India. 

KieKaupy, WiniiAM JoHN Fawectirt, Leeds. 

KsELLBERG, ByORN Oscar, Met.(Eng.), Gothenburg, 
Sweden. 

Kniauts, EpwarpD Donovan, B.Sc., Derby. 

Kuseuik, Dr. Ing., TAROSLAV, Ostraire, Czechoslovakia. 

Kynaston, ALAN HERBERT, Corby, Northants. 

Laxe, R. A., Irlam, Manchester. 

LaTourTE, JEAN, Paris, France. 

LAURENT, PIERRE, D.Sc., Paris, France. 

Lawazisz, R. D., Stanton, Nottingham. 

Lecxts, ALAN Harvey, Ph.D., B.Sc., F.R.I.C., London. 

Lez, ArTHUR WAKEFIELD, B.Sc.(Tech.), A.M.I.Mech.E., 
Scunthorpe, Lincs. 

Lrg, GEOFFREY, Bilston, Staffs. 

Lex, Puitie ArtHurR, B.A.(Eng.), Sheffield. 


M.Inst.C.E., 


LEFEBVRE, Professor ACHILLE GEORGES, Brussels, 
Belgium. 

Leroy, ANDRES, Paris, France. 

LESSNER, CHARLES, Pontevedra, Spain. 

Lewis, James Essinaton, B.Met.Eng., Newcastle, 


N.S.W., Australia. 
Linney, James Arntuour, Griffithstown, Mon. 
Love, Davin A., Bearsden, Glasgow. 
Lovize, Joun, Corby, Northants. 


McCain, LAURENCE Henry, Sheffield. 

McEwan, Gorpon Joun, B.Sc., Bilston, Staffs. 

Macson, Lronarp Witu1aMm, B.Sc., A.Inst.P., Glasgow. 

Matcor, Henri, Paris, France. 

ManoTaux, R. N. M. A., Amsterdam, Holland. 

MatrrHews, STANLEY, Landore, Glam. 

MAXWELL, RONALD, Consett, Co. Durham. 

Mayne, JOHN SHEARER, Sheffield. 

Mayne, Puiuip, M.A., Billmgham, Co. Durham. 

MAZARRASA QuIJANO, José A., Santander, Spain. 

MzADLEY, ALLAN Howarp, Corby, Northants. 

MensrortH, Eric, C.B.E., M.I.Mech.E., 

F.R.Ae.S., Sheffield. 

Mercier, ANDRE, Paris, France. 

MeryYNADIER, HenrI, Homécourt, France. 

MippLeton, THOMAS REGINALD, B.Sc., Sheffield. 

Misset, JEAN, Paris, France. 

MircHeLL, WILLIAM JAMES JOHN, East Moors, Cardiff. 

MOoNNERET, FLORENT, Le Havre, France. 

MontTGomMEeRY, WILLIAM, Glasgow. 

Morey, HERBERT, Stocksbridge, Sheffield. 

MorrisH, AUBREY Henry Joun, Tyseley, Birmingham. 

Mortrram, Harry, Sheffield. 

Movs ey, R. G., Irlam, Manchester. 

Muir, Wiiiiam, Corby, Northants. 

Nasu, CHARLES ARTHUR, Consett, Co. Durham. 

Neit, Macnus, Consett, Co. Durham. 

NicHots, FREDERICK, Corby, Northants. 

NorcGarp, JoHN Davey, B.Eng., Melbourne, Australia. 

NortH, JOSEPH EDWARD, London. 

Ors, Fixret, B:Sc., Karabuk, Turkey. 
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VOTE OF THANKS TO THE RETIRING PRESIDENT. 


Taxsot, Davin BE. J., Swansea. 

Torr, Leste Howarp, B.Sc.(Eng.), Birmingham. 
Uriz, THomas, Glasgow. 

WHEELWRIGHT, FRANCIS THomas, Kidderminster, Worcs. 
WiuuiAMs, Hautwyn, B.Sc., Pontardawe, Glam. 
Wuiuiams, Peter, East Moors, Cardiff. 

Wittiams, Roy, Landore, Glam. 

Witson, JOHN GEOFFREY, B.Met., Scunthorpe, Lines. 
Witson, JosepH Brarrtr, Clifton, Manchester. 
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INDUCTION OF THE PRESIDENT-ELECT, 
Dr. C. H. Drscu, F.B.S. 


Mr. ArtHur Dorman (Retiring President) : 
We now come to the induction of the new Presi- 
dent, but I should like first of all to thank the 
Members of Council for the unfailing help which 
they have given me during my two years of 
office. I look back on those years with great 
pleasure and pride, because I feel that it is an 
honour to be President of an Institute such as this, 
which is a very live body, and which under Dr. 
Desch may be still more alive. I should also like 
to thank the Secretary and the staff for their 
loyal support during these two years. 

Dr. Desch is a great scientist, and a Fellow of 
the Royal Society. We have known him for 
many years, and we appreciate the great work 
which he has done. What strikes me about him 
is that he is such a quiet, able lecturer; he clearly 
knows his subject, and is able to present it in a 
way which makes a tremendous appeal to me. 

He takes over the Presidency at avery important 
time, and IJ feel that the Institute is very fortunate 
indeed to have induced him to undertake this 
office at this time. Our relationship with the 
British Iron and Steel Research Association, 
thanks to Sir Charles Goodeve, promises very well, 
and we could not have a better man than Dr. Desch 
to improve those relations. 

To enumerate all the offices and positions which 
Dr. Desch has held would almost fill a volume, 
but he has been Professor of Metallurgy at the 
Royal Technical College, Glasgow, and at Sheffield 
University. He has been Technical Adviser to 
the Iron and Steel Industrial Research Council (the 
body now replaced by the British Iron and Steel 
Research Association), and Technical Director of 
Messrs. Richard Thomas and Baldwins, Ltd., and 
he is now Technical Adviser to the Whitehead 
Tron and Steel Co., Ltd. He has written numerous 
scientific papers, and his textbook on Metallo- 
graphy, now in its sixth edition, is a standard 
work. He has also, in collaboration with Mr. 
Lea, written a book * on the chemistry of cement 
and concrete. 

He has been a member of The Iron and Steel 
Institute since 1913, and was Vice-President in 
1930. 

* F. M. Lea and C. H. Desch, ‘‘ The Chemistry of 
Cement and Concrete.”? London, 1935: Edward Arnold 
and Co. 


He was awarded the Bessemer Gold Medal — 
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in 1938. There is no greater name in the metal- 
lurgical field than that of Dr. Desch, and I hand 
over the Presidency to him with great pleasure 
and great confidence, and wish him a happy and 
successful term of office as President of the 
Institute. (Applause.) 


Mr. AgtHur DorMaAN then left the Chair, which 
was taken, amid applause, by the incoming 
President, Dr. C. H. Drescu, F.R.S. 


Vote oF THANKS TO THE RETIRING PRESIDENT. 


The Prestpent (Dr. C. H. Desch, F.R.S.): 
On assuming office, my first duty is to move that 
the very best thanks of the Institute be given to 
Mr. Arthur Dorman-for his services as President 
during the last two years. I do so with the great- 
est of pleasure. We have found in Mr. Dorman a 
most excellent President, always genial and good- 
tempered and extremely efficient. Those of us 
who have sat under him on the Council and have 
been concerned with the business of the Institute 
have found it a most pleasant collaboration. 

Mr. Dorman is a distinguished steel manu- 
facturer from one of the most important steelmak- 
ing districts in Europe, and we are delighted that 
he should have found the time to take on the office 
of President and to fulfil its duties so completely. 
He has been very regular in attending the meetings, 
and has performed his duties with the highest 
efficiency. (Applause.) 


Sir Witt1aM Larke, K.B.E.: It gives me par- 
ticular pleasure to second the motion, although I 
am sure it is a work of supererogation. I have 
known Mr. Dorman fairly intimately almost ever 
since he came down from Cambridge and entered 
the great firm of which he is now one of the 
distinguished leaders. During that period I have 
formed not only an affectionate regard for him, 
but an ever-growing respect for his personal 
development in the art of industrial leadership, 
as well as his high technical appreciation of the 
progressive discoveries which have made the 
industry what it is. 


The vote of thanks was carried unanimously, 
with acclamation. 


Mr. ArtHuR Dorman : I very highly appreciate 
the vote of thanks which you have accorded me. 
I look back on the past two years with great 
pleasure. It has been an interesting time, and 
what has gratified me most has been the great 
increase in membership and enthusiasm. 


PRESENTATION OF THE PRESIDENTIAL ADDRESS. 

The Presmipent (Dr. C. H. Desch, F.R.S.) 
delivered his Presidential Address. The text 
will be found on pp. 33 P.—40 P. 
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The Hon. R. G. Lytrrseiton (Hon. Treasurer) : 
I beg to propose that a hearty vote of thanks be 
accorded to the President for his important and 
most interesting Address. It is our practice not 
to discuss the President’s Address, but I am sure 
you will agree that it will have a most definite 
influence in bringing the subject of metallurgical 
education and the services that science can render 
to the industry to increased public attention. 
It provides very valuable material for useful 
discussion outside, and performs a marked and 
historical service in furthering the essential cause 
of metallurgical education. 


Dr. Grorce B. WatEerHOUSE: I have pleasure 
inseconding the motion. It is unfortunate that 
the Address is not subject to discussion, but it is 
subject to careful reading and study, and will be 
very helpful to everyone. The problems are the 
same, as the industries are the same, in different 
countries. 


The vote of thanks was carried unanimously, 
with acclamation, and was briefly acknowledged 
by the President. 


Votes oF THANKS. 
To the Authors. 


The Prestpent (Dr. C. H. Desch, F.R.8.): 
We have had an excellent discussion. Through- 
out this meeting we have not had votes of thanks 
to the separate authors, so I now make the 
omnibus proposal that the best thanks of the 
Institute be given to the authors of all the papers 
and to those who have taken part in these very 
valuable discussions. 


The vote of thanks was carried with acclama- 
tion. 


To the President. 


Sir CHARLES GoopEVE, O.B.E., F.R.S.: I am 
sure that those present would like to express their 
appreciation of the remarkable way in which you, 
Sir, have handled this Meeting. 

I am a very new member, and this is the first 
meeting of the Institute which I have attended, 
but I have attended many scientific conferences 
and perhaps I may say I have never attended 
one which has gone with such a swing as this. J 
think a great deal of the credit for that should be 
given to our President. Not only has he handled 
the usual problems which fall to a President, but 
he commenced the proceedings with a magnificent’ 
and inspiring address which should have reper- 
cussions for a long time. He has welded the 
speakers’ remarks together by his own little bits 
in between and, furthermore, he has made positive 
scientific contributions to the discussion. 


— 


On behalf of those present, I thank you very 
much, Sir, for your able chairmanship and I look 
forward to further meetings under your chairman- 
ship. 


The vote of thanks was carried with acclama- 
tion. 


The Prestpent: I thank Sir Charles Goodeve 
for his kind remarks. I am glad we have held 
such a successful meeting, the first to be held 
under conditions approaching normal. 


The proceedings then terminated. 


Tue Frrst HatFreLD MemortiAL LECTURE. 


Dr. George B. Waterhouse, Professor Emeritus 
of the Massachusetts Institute of Technology, 
presented the First Hatfield Memorial Lecture, on 
“The Services to Métallurgy of the Late Dr. 
W. H. Hatfield, F.R.S.,” on Ist May, 1946, at 
8.30 p.m. at The Institution of Civil Engineers, 
Great George Street, London, S.W.1. (See pp. 
369 P-376 P.) 


MerempBers’ LUNCHEON. 


A Luncheon was held at the Connaught Rooms, 
Great Queen Street, London, W.C. 2, on Thursday, 
2nd May, 1946. Dr. C. H. Desch, F.R.S., 
President of the Institute, occupied the Chair, 
and some five hundred members and guests were 
present. The guests included: The Rt. Hon. 
John Wilmot, M.P. (Minister of Supply); His 
Excellency M. Bjérn Prytz (Swedish Minister) ; 


-His Excellency Dr. A. J. Clasen (Luxemburg 


Minister); The Rt. Hon. The Earl of Dudley, 
M.C.; M. Des Aubrys (Secretary-General of the 
Mission of the French Ministry of Industrial 
Production) ; Lt.-Gen. Sir Ronald Charles, K.C.B., 
C.M.G., D.S.0.; Lt.-Col. Lord Dudley Gordon, 
D.S.0.; Mr. H. H. Berresford (President, Joint 
Iron Council); Sir William Larke, K.B.E.; 
Sir John Duncanson (Commercial and .Technical 
Director, British Iron and Steel Federation) ; 
Sir Charles Goodeve, O.B.E., F.R.S. (Director, 
British Iron and Steel Research Association) ; 
Sir Alfred Egerton, F.R.S. (Secretary, Royal 
Society); Sir Peirson Frank (President, Institu- 
tion of Civil Engineers); Mr. J. W. Gardom 
(President, Institute of British Foundrymen) ; 
Dr. Harold Hartley (President, British Cast Iron 
Research Association); Mr. Ellis Hunter (Presi- 
dent, British Iron and Steel Federation); Mr. 
G. F. Laycock (President, Institution of Mining 
and Metallurgy); Dr. H. Moore, C.B.E. (Presi- 
dent, Institution of Metallurgists); Dr. G. B. 
Waterhouse (Professor Emeritus of the Massa- 
chusetts Institute of Technology); and Dr. R. 
Durrer (Switzerland). 


ee 


MEMBERS’ LUNCHEON. 


The loyal toast having been honoured, the Rt. 
Hon. John Wilmot, M.P. (Minister of Supply), 
proposed the toast of : 


“ The Iron and Steel Institute 
and 
the Iron and Steel Industry.” 


In doing so, he said : As a Minister who is merely 
a politician and a business man, you may surmise 
how honoured I am at the opportunity of address- 
ing this learned technical and scientific assembly, 
for I understand that this Institute is the forum for 
all interested in the technical and scientific sides 
of this very great industry. Your membership is 
now world-wide, and, although you are reaching 
the age of discretion—I believe that you are now 
77 years old—the outlook of this Institute, 
judged by all that it says and does, is youthful, 
vigorous, and thrustful, and its single object is to 
press forward along the path of knowledge in this 
field; and, if I may say so with homage and 
respect, your President has set a shining example 
by his own brilliant career. (Applause.) ‘The 
latest example of that is to be found in the most 
interesting and informative Address which he 
delivered to you yesterday, and which I have had 
the privilege of reading, on the subject of technical 
education. It is a milestone. 

Rightly or wrongly, this is not the occasion for a 
political speech, but I believe you will agree with 
me that in a free country it is proper that there 
should be more than one point of view. However 
many points of view there may be on a number of 
matters, at any rate I think we shall agree upon 
the tremendous importance of your industry in 
our national economy. Despite the incursion of 
newcomers—unfledged; some of them; I speak of 
the new light alloys and plastics—this is a steel 
age. This Institute has a tremendous reputation, 
and J should like to take this opportunity on 
behalf of His Majesty’s Government of paying a 
tribute to the work which this Institute did 
towards the successful conclusion of the war. 

I am not qualified to speak in detail of the 
magnificent achievements in your field, but I had 
the honour to be Parliamentary Secretary to the 
Ministry of Supply during part of the war, and I 
learned enough to realize the magnitude of your 
achievement, for instance, in the design of new 
steels to meet the exacting new demands of the 
war, and in grappling with the not easy problems 
arising from the acute shortage of some of the 
alloying materials formerly regarded as essential 
to certain qualities of steel. You did grand work 
in simplifying specifications, without which that 
vast volume of production would not have been 
possible, and in devising new methods of opera- 
tional technique. All of this was a contribution 
to victory which only those with greater know- 
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ledge than I possess can accurately assess. It isa 
record for which we should be grateful and of 
which you should be proud. 

I think that this Institute and its members 
have, however, a no less important part to play in 
the future. Whatever may be the changes that 
lie ahead, one thing is certain, and I ask you to 
believe it: Their object is to secure the highest 
possible scientific and technical achievement. 
To that end this body has a great contribution to 
make, and it will make it. 

We have emerged from the war with glory. 
We are battered, we are crippled, but we are still 
alive. We have come into a new and a rapidly 
changing world, a somewhat uncomfortable and 
unfamiliar world; but it is exciting, it is challeng- 
ing, and it is adventurous. Material progress 
would appear to us in some moods to have out- 
stripped our development in the international 
field and elsewhere. Revolutionary developments 
are taking place in many fields. We have defeated 
the greatest threat to human freedom which we 
have ever faced, and we have won the war; but 
there is still much to be done to consolidate the 
peace. é 

The aim of us all, I am sure, was never better 
summed up than by the late President Roosevelt 
when he used those remarkable words about this 
being the age of the common man. Our object is 
to secure a continually and progressively rising 
standard of living for all, everywhere; and I am 
sure that this object can only be rapidly and 
successfully attained by the successful labours of 
scientific and technical bodies such as this. This 
is a scientific age, and you who work in the 
scientific and technical field have the future of 
mankind in your hands. It is not enough to 
keep going as before. For us in this land it is 
not enough just to keep up with others; we have 
to struggle to maintain our technical superiority 
in those fields which are peculiarly our own. 

This industry has had a hard time. It has been 
hampered by long depressions between the wars, 
by restriction of its normal development and by 
the sudden abnormalities of development forced 
upon it by the necessities of war. By common 
consent, what is now needed is a large-scale 
programme of modernization and development to 
meet exacting needs and modern conditions. I 
am certain that the effort which will be required, 
an effort which must be successful, for the nation 
depends upon it, will give very full scope to your 
members. I feel sure also that under the guidance 
of the great man who is your new President you 
will devote yourselves whole-heartedly to this 
task. 

I am aware that in some fields there may be 
some difference of opinion between us (laughter), 
though not so great, perhaps, as you may think; 
but in the field which we are in to-day we are more 
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fortunate. We have a common object to pursue 
—the attainment of technical perfection, com- 
plete knowledge, and mastery of those mysterious 
substances which are called iron and steel. 

I wish that I could venture a little further into 
these technicalities. You know how fascinating, 
seductive, and alluring they are to laymen. I 
have done my best to try to understand the 
difference between iron and steel. (Laughter.) 
I thought at one time that I knew what that 
difference was, but greater wisdom brings more 
disillusionment. I thought I knew that iron was 
a chemical element, and that steel was an associa- 
tion of that element with carbon, and sometimes 
with other alloying materials. In my innocence, 
therefore, I assumed that pig iron did not contain 
carbon. However, when I became acquainted 
more closely with some wise men in the Ministry 
of Supply, and having, as I have, the advantage 
of old and close friendships in the iron and steel 
industry, I was told quietly but firmly, though in 
the most friendly manner, that in fact it did happen 
occasionally that pig iron contained more carbon 
than did steel. (Laughter.) Since then, I have 
been very reticent on this subject ! 

I understand, from reading the excellent 
technical papers which you are kind enough to 
send me, that you have broken down the homo- 
geneous, solid piece of steel, which I liked to think 
of as the most solid thing in the universe, into a 
collection of mere crystals built up into lattices 
and frames, and that you are now devoting 
yourselves, fantastic though it may seem to out- 
siders—but not, of course, to you and me (laughter) 
—to the mysterious happenings which take place 
on the boundaries between the lattices and the 
frameworks and the crystals. Jam very proud of 
myself for having got so far, and I shall not go any 
further. (Laughter.) You will fully appreciate, 
however, the wealth of scientific and technical 
knowledge that must have been brought together 
in the past, and that must be obtained in the 
future if we are to carry this great industry for- 
ward along the lines of its magnificent traditions. 

This body is essential to the iron and steel 
industry, and its existence is a proof of the co- 
operation between science and industry. There 
is in this industry what is not, I regret to say, 
universal—a fine old, deep-rooted tradition of the 
pooling of information and scientific knowledge. 
In future I trust that these arrangements will be 
even more fully possible. Your members in 
industry and outside must work in complete 
harmony and communion, and there must be the 
fullest possible interchange of ideas and know- 
ledge for the benefit of the industry as a whole. 

I have had the privilege of seeing some of the 
discussion on the dearth of recruitment on the 
metallurgical side, and I can assure you of the 
most whole-hearted and consistent support of the 
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Government in any schemes you may suggest to 
improve that situation. It seems to me that men 
of scientific bent should naturally find a peculiar 
fascination in that side of the industry, for it 
combines the pursuit of pure science with the 
practical application of scientific knowledge. 
Your industry has recognized the importance of 
the technician and the scientist, and has had the 
wisdom and the foresight to give him his head in 
industry. It also gives an outlet to individuals 
on that side to attain the highest managerial 
and directing posts. Ample scope exists in this 
industry for young men to rise to high positions; 
and therefore I believe that the solution of this 
particular problem in the industry is largely a 
matter of publicizmg your requirements. I[ 
should be very glad to help. You must show 
that there is a path from pure science in our 
schools and universities and technical colleges to 
the practice of applied science in the day-to-day 
work of your industry. 

I should like once more to pay tribute to the 
very close co-operation between yourselves in 
industry and yourselves in the academic world. 
This could not be better typified than in the 
person of your President. It is tremendously 
important, and that is why I harp upon it. In 
some of our industries this co-operation is lacking, 
or is at any rate not fully developed. Your 
industry is in a more fortunate position, and I 
congratulate you upon that fact. 

From lack of technical knowledge, I regret that 
I am not able to do full justice to this toast, but I 
am, I assure you, fully conscious of the extent to 
which the whole future prosperity and security of 
this nation depend upon a strong, efficient, and 
scientifically-able steel industry, and also of the 
extent to which this depends upon the individual 
technical and scientific attamments of your 
members. With those thoughts in mind, it gives 
me great pleasure to propose the toast of The 
Tron and Steel Institute and of your President, 
Dr. Desch. (Applause.) 


The Przestpent (Dr. C. H. Desch, F.R.S.), 
said: On behalf of The Iron and Steel Institute, 
I have to thank the Minister of Supply for his 
eloquent and admirable speech in proposing the 
toast of the Institute, and on my own behalf to 
thank him for his kind remarks about myself. 
We are glad at this time, after the close of the 
war, to be able to resume functions of this kind, 
and to see so large a gathering of our friends and 
colleagues. The Iron and Steel Institute, al- 
though, of course, a British Institute, and con- 
nected with the iron and steel industry in Great 
Britain, has nevertheless for many years had a 
strongly international character, and we are glad 
that we have so many oversea friends among us 
to-day. 
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The Minister has said that this is an industry in 
which there is a very free interchange of opinion. 
I think that there are very few industries in which 
secrecy plays so small a part. As soon as any 
invention is developed in the iron and _ steel 
industry, it is as a rule communicated to some 
scientific body, most often to this one, and is 
made public; what protection is needed is obtained 
through the patent law and not by the main- 
tenance of secrets. There are one or two small 
branches in which some of the heads of firms 
imagine that they have secrets of their own, but 
that is because they have not looked at the 
current text books, where they would find those 
secrets. (Laughter.) 

The Minister has very tactfully refrained from 
saying anything about the industrial future. It 
is rumoured that he has special knowledge on this 
subject (laughter), and I have no doubt that those 
who are sitting here feel that the sword of Damo- 
cles is suspended just above their heads; but on 
this occasion we will refrain from looking up! 
(Laughter.) 

He has spoken of the very great efficiency of the 
industry. I think that we can claim, with the 
long history of the development of iron and steel 
in this country behind us, that at present we have 
reached a very high state of efficiency. It would 
be possible, of course, to go about the country 
and find a few very antiquated-looking works. 
On the other hand—I have not consulted the 
Minister on this point, and I do not know whether 
he has paid many visits to works—I think that 
we could take him to a number of plants which 
would bear comparison with plants in any part of 
the world. I think we can also claim that in the 
development of the industry on the scientific side, 
this country has played a part equal to that of 
any country in the world. The earliest inven- 
tions and discoveries originated here, and although, 
of course, since then a number of our competitors 
have caught up with us and have developed their 
own very excellent research organizations, never- 
theless at the present time we are making con- 
tributions to the knowledge of iron and steel of 
the very first importance. Some of those, of 
course, had to be kept confidential during the war 
and are now gradually being released; but before 
long it will be seen, I think, how very great a 
contribution to the knowledge of iron and steel 
has been made here, even within the last few 

ears. 

In the very excellent and interesting intro- 
duction to the subject of metal physics which we 
have had from the Minister (laughter), he has 
reminded us that we are concerned not only with 
manufacture on a large scale but, in our various 
laboratories, with studying the arrangement of 
atoms in the metal. We are reaching a stage 
where many of the properties of the industrial 


products of the iron and steel industry can be 
deduced from an intimate knowledge of the 
physical structure of the crystals of which those 
metals are built up. 

The Minister has spoken of the relations between 
the Government and the industry and the scientific 
side. I should like to take the opportunity of 
expressing the indebtedness of this and other 
industries to the Department of Scientific and 
Industrial Research for the very liberal view 
which it has taken of the relations between science 
and industry. (Applause.) We sometimes com- 
plain that Government departments are given to a 
good deal of red tape; but since the institution of 
the Department of Scientific and Industrial 
Research at the time of the last war, the freedom 
from red tape of that department has been very 
remarkable. We have had scientific men at the 
head of it. Sir Edward Appleton is known to all 
of us as one of the most distinguished of our 
scientific men, and he also holds an official position 
in which he is able to explain to the authorities 
what is really needed by industry on the scientific 
side. 

Those relations have been very happy. The 
arrangement of having industrial research associa- 
tions under the auspices of the D.S.I.R. has proved 
to be very useful. In visiting other countries, I 
have found that they have on the whole been 
inclined to envy the admirable organization which 
has been set up in that way. The new British 
Iron and Steel Research Association was set up 
only last year. It was a development, of course, 
of the Iron and Steel Industrial Research Council 
which existed before. The organization is now 
somewhat more elaborate, and we look forward to 


a very active programme of research in that 
field. 


** The Guests.” 


Continuing, the PrResipeNnT said: I have now 
to propose the toast of our guests. We have on 
this occasion a large number of guests, many of 
them very distinguished; and now that means of 
transport have improved we have been able to 
receive a number of oversea guests. (Applause.) 
It has been characteristic of The Iron and Steel 
Institute that we have been very largely an inter- 
national body. Although our meetings have 
mainly been held in this country, we have had 
occasion to visit a number of other countries to 
hold our Autumn Meetings for the reading and 
discussion of papers, and for visiting works. We 
are now able to resume those relations interrupted 
during the war. 

It is, of course, quite impossible for me to men- | 
tion by name all the distinguished guests whom 
we have with us on this occasion, but I should like 
to mention at any rate the countries from which 
they come—the United States of America, 
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Australia, France, Belgium, Poland, Holland, 
Spain, Switzerland, and Sweden. (Applause.) 
In addition, we have the representatives of many 
of the leading scientific and technical societies of 
our own country. I regret that the President of 
the Royal Society, who is the official head of 
science in this country, although he had expected 
to be here, had at the last moment to decline our 
invitation, but we have the Secretary of the Royal 
Society present, Sir Alfred Egerton. In any 
scientific body such as this we have to acknowledge 
the leadership of the Royal Society, one of the 
oldest-established scientfic bodies in the world. 
We have with us also the Presidents and Secre- 
taries of several of the other Institutions. 

I should like to refer to a few of our distinguished 
guests, and particularly those from overseas. 
Among those from the United States we have Dr. 
Waterhouse, who yesterday evening delivered 
a most admirable Address, the first of a series 
initiated to commemorate Dr. Hatfield, to whom 
the various Research Committees of the iron and 
steel industry owe so much. (Applause.) Dr. 
Hatfield was an intimate friend of many of us over 
many years, and his enthusiasm was largely 
responsible for the success of the whole scheme of 
Research Committees set up in the course of the 
first world war. 

From France we have an old friend in M. Des 
Aubrys, and a young one in Dr. Bastien, both of 
whom have made excellent contributions to the 
scientific side of metallurgy. Dr. Bastien has 
taken part in our discussions during the last two 
days. I should also like to mention the presence 
of Dr. Durrer, of Switzerland, who has been known 
to many of us for many years as one of the greatest 
authorities on the technical aspects of the industry. 
(Applause.) From Sweden we have a considerable 
contingent. I shall have occasion to refer to His 
Excellency the Swedish Minister in a few moments, 
but I should like to mention now the presence of 
Dr. Tigerschidld and Count Kalling, repre- 
sentatives of the great Swedish steel industry. 
(Applause.) Dr. Tigerschidld is the technical 
head of that great body, Jernkontoret, and is 
always very welcome here. He has been here 
many times, and many of us have had the oppor- 
tunity of meeting him in hisown country. Jern- 
kontoret occupies, of course, an extremely high 
position in the history of the industry, and next 
year it will be celebrating its 200th anniversary. 
Some of us hope to have the opportunity of taking 
part in those celebrations in Stockholm and of 
renewing our acquaintance with the industry of 
Sweden, an extremely progressive country. 

Dr. Tigerschidld spoke at our meeting yesterday. 
We thought that we had had considerable diffi- 
culties in our industry owing to the shortage of 
certain raw materials, but I gather from him that 
some of the difficulties experienced in Sweden 


MEMBERS’ LUNCHEON. 


were greater than any with which we have had to 
deal. I had never heard before of firing steel 
furnaces with bales of straw. When I was at 
Sheffield University we had a 24-ton open-hearth 
furnace, and had occasional runs with it. We 
used to run it with a gas-producer fired with coal, 
but on one occasion the local sanitary authority 
asked whether we would take a load of cinders 
recovered from the refuse destructor and try that. 
We put it into the producer and obtained, of 
course, a blue flame instead of a yellow one, and 
the steel melter told us that it was hopeless; but 
in fact it was the hottest heat we ever turned out. 
Directly after that, however, the same authority 
came to us and asked us to take another fraction 
from the destructor. This consisted of potato 
peelings. 
melter to make steel from potato peelings! In 
Sweden, apparently, they can make steel using 
straw. I feel some sympathy with the managers 
who had to work with such a low-grade fuel ! 

I have to couple this toast with the name of 
one of our distinguished guests, His Excellency 
the Swedish Minister, M. Bjérn Prytz. I have 
been sitting next to him during this Luncheon. I 
have always found that in Sweden I had less of the 
feeling of being in a foreign country than any- 
where else, in spite of the fact that I have no 
knowledge of Swedish. Wherever we went, to a 
works or to a scientific society, we always found 
people who could speak English perfectly. If I 
had not known that His Excellency was the 
Swedish Minister, I should not have detected that 
he was not an Englishman. 

The relations between Sweden and England 
in the iron and steel industry date from a long time 
ago. I lived for many years in Sheffield, and for a 
very long time in Sheffield it was considered that 
if you wanted to make a really good steel you 
must start with a Swedish raw material. Sweden 
has the advantage of exceedingly pure ores, and 
its simple method of smelting led to the produc- 
tion of an extremely pure iron which avoids the 
contamination which occurs in ordinary processes 
of operation. Sweden has thus great natural 
advantages, but it does not owe its high position 
in the industry entirely to those natural advan- 
tages; it owes it also to the great scientific skill of 
the men who control the industry. We are greatly” 
indebted to many Swedes for the progress that has 
been made in the development of iron and steel, 
over a long period. - 

I was interested to hear from Dr. Tigerschidld 
that before the great development of iron and steel 
in this country, Sweden supplied 35% of the world’s 
steel, and that now it supplies only 1%, yet its actual 
production has increased. That simply means 
that the development in other countries has been 
very large. We do not, of course, look to Sweden 
for the production of very large tonnages of steel, 


I felt that I could not ask our steel ~ 
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but I think we shall find a good many people, 
particularly in Sheffield, who, if they have to 
make a special product, like to start with a 
Swedish material. The relations between our 
two countries have been exceedingly friendly, 
and it is a great pleasure to us to be able to renew 
them. It is therefore particularly appropriate 
that when I am proposing the Toast of the Guests, 
and we have guests here from a number of 
countries, we should be able to couple the toast 
with the name of His Excellency the Swedish 
Minister. (Applause.) 


His Excellency M. Bsorn G. Prytz (the Swedish 
Minister), who responded, said: I was somewhat 
surprised when I was told that my name would 
be coupled with the toast of the guests, and I 
wondered what could have secured me this 
honour. It certainly is not any achievements in 
the iron and steel field on my part, nor even any 
scientific knowledge which could be expressed in 
those felicitous terms with which the Minister of 
Supply surrounded his own deep knowledge. 
(Laughter.) I take it that in coupling this toast 
with my name, the President perhaps wished to 
indicate in a tactful way that my countrymen are 
among the most numerous of the oversea guests 
who have with avidity availed themselves of the 
kind hospitality of The Iron and Steel Institute, 
and not only with avidity but possibly with a 
certain amount of greed. (Laughter.) We, in 
Sweden, have been cut off for so long from free 
communication with the rest of the world that an 
opportunity of this kind is particularly appre- 
ciated by my countrymen in all fields, and not 
least in the iron and steel industry. Perhaps the 
President also had in mind the long and fruitful 
co-operation between The Iron and Steel Institute 
and the corresponding body in Sweden, which is 
picturesquely known as the Iron Office of Sweden. 

In any case, I should like to congratulate you— 
it is so long since I found myself in so distinguished 
a company of scientists—on the fact of having as 
your President not only a great man of science but 
also an orator. 

In Sweden we have a habit of saying after a 
meal “tack for matin.” That means “thank 
you for the food.” It sounds very materialistic, 
but it arises from the fact that centuries ago we 
were a very poor nation whose food was very 
meagre. We mixed the bark of trees with our 
bread, and to receive food was something for 
which to be grateful. We took a warm welcome 
and pleasant company for granted, and we gave 
thanks for that which was scarce and difficult to 
obtain. To-day we have had a charming feast 
and we are duly grateful, but we are not going to 


say “tack for matin,” in extending to the Presi- 


dent our grateful thanks for this Luncheon. It is 
rather the warm welcome and the good fellowship 
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and the renewal of friendships which we have 
missed during the war years for which we wish 
particularly to thank you. 

The Iron and Steel Institute has always been a 
great forum for the exchange of new ideas and 
experiences in the steel world. In the true 
liberal tradition of this great Empire, it- has 
periodically brought together under its hospitable 
roof the steel interests of the world for the ex- 
change of new ideas and new knowledge in the art 
of steelmaking. The Institute itself has never 
been either niggardly or tardy in publishing for 
the benefit of the world at large the scientific and 
practical results of British research. That is the 
hospitality for which we thank you, and which we 
are grateful to find resumed after the barren 
years of the war. 

During recent years, circumstances have forced 
our technicians to work along very different lines. 
The warring countries have achieved a quantita- 
tive expansion such as no one would have believed 
to be possible. They have perhaps had to neglect 
costs for the time being, but they have undoubtedly 
learned many lessons as to what can be achieved, 
lessons which. will stand them and all of us in 
good stead in the future. Those countries like 
my own, which have been cut off from supplies, 
have, on the other hand, had to learn lessons of 
economy in their use, and have on their part 
made discoveries and developments from which 
the steel industry as a whole will, I hope, also 
benefit, thanks not least to the opportunity for the 
exchange of ideas which the hospitality of The 
Tron and Steel Institute so generously provides. 

It would not be fitting for me, as a stranger, to 
comment on the political and organizational 
developments which seem to be impending within 
the British steel industry, nor would I dare to 
rush in where not only angels but also Ministers 
fear to tread. (Loud laughter.) I may perhaps, 
however, be permitted to leave two thoughts with 
you. One is this: Whatever may be the ex- 
pressed policy of Governments here or in other 
countries, countries who are both your customers 
and your competitors (and it is perhaps cheering 
that they are often the same people), the industry 
everywhere in Europe finds itself in the same period 
of flux and change and- readjustment to the de- 
mands of the community as that in which you find 
yourselves, with the same uncertainties as to how 
far present sacrifices can be justified by the hope 
of future gains. In France, in Czechoslovakia, in 
Sweden, in Luxemburg, and the other steel- 
producing countries of Europe we are all under 
different political labels, struggling with new 
plans and projects, facing change and readjust- 
ment to a post-war world. Is it not perhaps 
possible to draw some comfort from the fact that 
these difficulties are simultaneous and universal, 
and some hope that we may in the end find 


16P PRESENTATION OF PAPERS. 


solutions which will enable us all to serve the 
needs of reconstruction without losing the initia- 
tive for which the men of steel in all countries have 
always been renowned, and sacrificing such 
individual advantages as our countries possess ? 

The other thought that I would leave with you 
is the conviction that whatever may be the out- 
come of the relations of industry to Government 
and to the community, whatever may be the 
restrictions and regulations which we may have to 
accept in other ways, we shall continue through 
such great institutions as this to maintain the 
free exchange of ideas, experiences, and research 
for the benefit of our industries and of mankind. 
(Applause.) In this sense I would ask you to 
drink to the prosperity of The Iron and Steel 
Institute, its members, and its President, Dr. 
Desch. (Applause.) 


PRESENTATION OF PAPERS. 


A list of the papers included in the programme 
of the Meeting will be found in Table I. The eleven 
papers marked with an asterisk were printed in the 
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*FounDRyY Practice SuB-CommittTEE: “‘ The Manufacture 
of Some Thin-Walled Steel Castings, with Notes on the 
Influence of Pouring Speed.” (Paper No. 19/1946 of 
the Steel Castings Research Committee (submitted by the 
Foundry Practice Sub-Committee).) (* pp. 519 p-534 P.) 


*§. O. Acrett: “ Mineralogical Observations on Some 
Basic Open-Hearth Slags.” (* pp. 19 P-55 P.) 


*C. R. Barser: ‘‘ The Design and Performance of Some 
Commercial Optical Pyrometers of the Disappearing- 
Filament Type.” (Paper No. 18/1946 of the Steel 
Castings Research Committee (submitted by the Foundry 
Steel Temperature Sub-Committee).) (* pp. 171 P-188 Pp.) 


*R. A. Cresswetzt: “‘ The Tinning of Cast Iron.” (* pp. 
157 p-169 P.) 


*W. Daviss and W. J. Ress: “ British Bonding Clays.” 
(Paper No. 17/1946 of the Steel Castings Research Com- 
mittee (submitted by the Moulding Materials Sub- 
Committee).) (* pp. 117 p-125 P.) 


*W. Davies and W.J.Rerxs: “ British Resources of Steel 
Moulding Sands.—Parts 6 to 10.” (Paper No. 16/1945 
of the Steel Castings Research Committee (submitted 
by the Moulding Materials Sub-Committee).) (* pp. 
71 p-116 P.) 


*W. Daviss and W. J. Ress: “The Hot-Strength Charac- 
teristics of Moulding Sands.” (Paper No. 15/1945 of the 
Steel Castings Research Committee (submitted by the 
Moulding Materials Sub-Committee).) (* pp. 61 P—70P.) 


C. H. Dresou, F.R.S., D. O. SPRoULE, and W. J. Dawson: 
“* The Detection of Cracks in Steel by Means of Supersonic 
Waves.”’ (Paper No. 17/1946 of the Alloy Steels 
Research Committee (submitted by the Hair-Line 
Crack Sub-Committee).) 

Section 1.—‘‘ Introductory.” By C. H. Drscu, F.R.S. 

Section 2.—‘The Supersonic Flaw Detector.” By 
D. O. SPROULE. 

Section 3.—‘‘ The Application of Supersonic Testing to 
Steelworks Problems.”” By W. J. Dawson. 
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F. Fancurr: ‘“ The Effects of Different Methods of Pre- 
treating Iron and Steel Before Painting.” (Paper No. 
17/1946 of the Corrosion Committee (submitted by the 
Protective Coatings Sub-Committee).) (Special Report 
No. 31.) 


W.E. Goopricu: ‘‘ Overheating and Burning of Nickel— 
Chromium—Molybdenum Steel.” (Paper No. 20/1946 
of the Alloy Steels Research Committee.) 


C. Huzsze and R. J. Sarsant: ‘Problems in Fuel 
Efficiency.” 


*4A H.Jayand K. W. ANpREws: “ Note on Oxide Systems 
Pertaining to Steel-Making Furnace Slags.”” (* pp. 15 p— 
18 P.) 


*F. LAszidéd: “‘ Tessellated Stresses.—Part IV.” (* pp. 
207 p—228 P.) 


H. J. Mercuant: ‘“‘Some Aspects of the Overheating of 
Steel Drop-Forgings.” 


A. PrEesecz, A. Hartiey, 8. EH. Maver, and J. Nurtine: 
“The Overheating and Burning of Steel.” (Paper No. 
18/1946 of the Alloy Steels Research Committee.) 


*K. A. PyrrincH: ‘‘Methods of Assessment of Anti- 
Fouling Compositions.” (Paper No. 16/1946 of the 
Corrosion Committee (submitted by the Marine Corrosion 
Sub-Committee).) (* pp. 229 p-243 Pp.) 


F. C. THomeson and L. R. Stanton: “The Effect of 
Oxygen on the Isothermal Transformations of Steel, and 
a Suggested Test for Burning.” (Paper No. 19/1946 of 
the Alloy Steels Research Committee.) 


M. TicrrscHi16Lp : ‘‘ Fuel Problems in the Swedish Iron 
and Steel Industry.” 


N. H. Turner and F. A. Gray: ‘ Fuel Utilization in Iron 
and Steel Works.” 


J. Wootman and H. W. Kirxsy: ‘Some Experiments on | 
Overheating.” (Paper No. 21/1946 of the Alloy Steels | 


Research Committee.) 


*W.J.Wrazes: ‘‘ Local Heating in Plain Carbon Steels.” 
(* pp. 189 P-193 P.) 
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At December 3/ sft 
F1a. 1.—Variation in Membership since the Foundation of the Institute in 1869. 


Seventh Annual General Meeting of The Iron and majority are connected contributed materially to 
Steel Institute. Information up to 3lst March, this successful result of six years of war. The 
1946, has been included in some sections of the year saw also the beginning of the difficult period 
Report. of transition to peace; some progress was made, 
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but time must elapse before normal conditions are 
achieved. 

The Institute has emerged from the war 
stronger in every respect. Membership has 
increased by 25% and the financial position has 
been consolidated. 


Rout OF THE INSTITUTE. 


Membership at the end of the year totalled 3356, 
an increase of 322, or 10%, over the record figure 


of the previous year. Particulars are given in 
Tables I., If. and III. and in Fig. 1. 


TasLe I.—Membership at 31st December, 1945, 
and Preceding Six Years. 


At 31st December: | 1939. 


1940. 


1941.1] 1942. | 1943. | 1944. | 1945. 


1 1 1 1 1 
15 14 12 13 16 
60| 60 64| 65) ~§67 


Patron < 
Hon. Members . 
Life Members . 


Ord. Members 2. 2213 | 2213 | 2354 | 2482 | 2736 
Associates 262| 295] 369) 473) 536 
Total . 2551 | 2583 | 2800 | 3034 | 3356 


1 Revised. 

2 The above figures include six Members for 1942, seven for 
1943, nine for 1945 and eight for the other years whose names 
were retained in the List of Members in an honorary capacity 
by order of the Council. 


The current Roll of Members does not include 


118 Members and 22 Associates who have been 


placed on suspense lists. 
Thirty-seven deaths were reported during the 
year and 26 Members resigned. Two hundred and 
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TaBLe I.—Joint Membership with The Institute 
of Metals at 31st December, 1945, 


ee ee ee 
Home Overseas 
Members, Members, 
= he Joint. oe 
[coe cao Teele ed alice 
Patron F ‘ 1 ABE ore 
Hon. Members . 7 3 5 
Life Members 39 8 16 
Ord. Members 15712] 609 | 3978 
Total (Members) |1618 | 620 | 418 
Associates . 189 | 305 19 
Total (classified) |1807 | 925 | 437 


Total Membership 


* Members who are also Members of The Institute of Metals. 
* Includes eight Members whose names were retained in the 


List of Members in an honorary capacity by order of the 
Council. 


3 Includes one Member whose name was retained in the 


List of Members in an honorary capacity by order of the 
Council. ; 


OBITUARY. 


The Council regret to record the deaths of the 
following thirty-four Members which occurred 
during the year 1945 : 

Barcriay, A. C. (Glasgow) 


3 is 
Brnprx, Cart A. (London) . . 7th February. 
BrneoueH, Dr. G. D., F.R.S. 


(London) . ; : . 22nd January. 
BEVAN, TREVOR (Shotton) . . 2nd April. 
Brrp, Major T. G., D.S.0. (New- 

eastle-on-Tyne) . . Tth May. 


BRAMELD, T. W. (Rotherham) 


. Ist January. 
Brooks, S. H. (Fallowfield, Man- 


eighty-seven Members and 129 Associates were sates (Shotley Bridge, Co. hadi oohaapie 
newly elected or reinstated. Durham) . : : . 18th September. 
TaBLE III.—Home and Overseas Membership, 1939 to 1945. 
| At 31st December: 1939. 1940. 1943, 1944. 1945, 
é Class. | Totals.| Class. | Totals.| Class. | Totals.| Class. -| Class. | Totals. | Class. | Totals.} Olass. | Totals. 
Patron . : j 3 i 1 1 
Hon., &c., Members: — =e if aig 1 a ] 
Home . 3 4 5 
Overseas . * : 12 10 7 
Life Members : ae Naty ie oes 14 ge 
Home . E , 40 40 43 
Overseas. etre 28 27 21 
Ordinary Members : ep OS) so: eae OG, aie 64 
Home $ 1622 1673 1883 
Overseas 785 663 471 
Associates : Seen 124.074 |ronae | 2336 2354 
Home Z 4 : afl 208 332 
Overseas. : 42 40 37 
Totals : 213) See | 248 =e 369 
| Home 1837 1926 2264 
Overseas . : 867 740 536 
Total Membership . ~~ | 2704 2666 —— | 2800 
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CaNnTLEY, Colonel The Hon. T. 

(New Glasgow, Nova Scotia). ? 
CHARBONNEL, H. L. (Leatherhead, 

Surrey) : : : . 9th May. 
Crosstey, A. (Sheffield) : u 
Euis, Sir Writram (Sheffield) 4th July. 
Everitt, C. K. (Sheffield) 6th February. 
Harrison, F. (Richmond, Surrey) 2nd April. 
HENDERSON, JAMES (Fetcham, 

Surrey) : ; ; . 20th November. 
Heskett, J. A., jun. (Huntly, New 

Zealand) : x : é 


19th September. 
Hoyianp, G. (Penistone) . , 2 
Kesster, Dr. G. A. (Ijmuiden, 


Holland) . 2 : . 21st August. 
Lioyp, H. D. L. (Stretton, Shrop- 

shire) . : : - . 20th December. 
LysacuTr, W. R., C.B.E., D.L. 


(Chepstow, Monmouthshire) . 27th April. 


MAcpIARMID, Sir ALLEN CAMPBELL 


(London) . : : . 14th August. 
McBran, A. D. G. (Wolver- 

hampton) . : 5 . 28rd September. 
McCarrery, R. 8S. (New York, 

U.S.A.) F ; : . 12th June. 
Price, Dr. L. E. (Birmingham) 2 


RANDLES, Sir JouN S. (Keswick, 


Cumberland) ; . llth February. 
Ropinson, C. 8S. (Youngstown, 

Ohio, U.S.A.) : 22nd July. 
SMEETON, J. A. (London) 24th June. 


Summers, Henry H. (Chester) 25th January. 


SurctirFeE, EH. R. (Edenbridge, 

Kent) . ¢ i 5 . 16th May. 
SykoRA, VLADISLAV (Prague, 

Czechoslovakia) d . 22nd November. 
Taytor, RoBert (Oldham) . 30th May. 


We tts, J. A. E. (Sheffield) . 


. 4th September. 
Witiams, Colonel Penry (Middles- 


brough) : c : . 26th June. 
Witson, Francis (Pinner, Middle- 
sex) : ; . 5th December. 


The deaths of the following three Members took 
place earlier than 1945, but were not previously 
reported : 


BoweEn J.C. (Kenton, Middle- 
sex) - : 7 

GEER, Baron LOovIs DE 
(Leufsta Bruk, Sweden) . 

Wuyts, G. 8. (Kenosha, Wis- 
consin, U.S.A.) 


Sir William Ellis and Mr. W. R. Lysaght were 
Past-Presidents of the Institute, Dr. Sykora was 
an Honorary Vice-President, and Mr. Henderson 
was a Past-President, Bessemer Gold Medallist 
and Honorary Member. Dr. Bengough was 
Chairman of the Marine Corrosion Sub-Committee. 
An obituary notice of Dr. Bengough appeared in 
the No. II. volume of the Journal for 1944, and 
_ of the three Past-Presidents in the corresponding 
volume for 1945. 


20th December, 1944. 
1925. 
16th December, 1944. 


HatrieLD Memorial LEctURE Funp. 
A Lecture Committee was formed under the 
Trust Deed consisting of Professor J. H. Andrew 
and Dr. J. I. O. Masson, M.B.E., F.R.S., repre- 
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senting Sheffield University, Dr. C. H. Desch, 
F.R.S., and Sir Lawrence Bragg, F.R.S., repre- 
senting the Royal Society, and Mr. K. Headlam- 
Morley and Dr. C. Sykes, F.R.S., representing 
the Institute. 


FINANCE. 


(The Statement of Accounts for 1945 is 
attached to this Report.) 


General Fund Balance Sheet.—The 
Sheet is presented in the usual form. 

General Fund Income and Expenditure Account.— 
Receipts from subscriptions and sales of publica- 
tions were higher than the record figures of the 
previous year. After allocation to reserve and 
suspense accounts, the excess of income over 
expenditure transferred to the Balance Sheet 
was £415. 

Trust Funds.—The financial position of the 
Trust Funds was well maintained. 

Invesitments—The value of the investments of 
the General and Trust Funds at the end of the 
year was £82,689 (an increase of £3499), or 
£11,473 in excess of their cost at which they are 
taken into the Balance Sheets. 

House Fund and Industrial Subscriptions.— 
Income from special subscriptions was £4672. 
The Council acknowledge with thanks receipt of 
new subscriptions from Davy and United 
Engineering Co., Ltd., Head Wrightson & Co., 
Ltd., and Partridge Jones & John Paton, Ltd., and 
wish to take this opportunity of again expressing 
their thanks to the following subscribers : 
Edgar Allen & Co., Ltd.; Ashmore, Benson, Pease 
& Co., Ltd.; Babcock and Wilcox, Ltd.; Bairds 
and Scottish Steel, Ltd.; Baldwins, Ltd.; Arthur 
Balfour & Co., Ltd.; Frederick Braby & Co., 
Ltd. ; Bradley and Foster, Ltd.; The Briton 
Ferry Steel Co., Ltd.; Broken Hill Proprietary 
Co., Ltd.; Burnell & Co., Ltd.; The Butterley 
Co., Ltd.; Bynea Steel Works, Ltd.; Colvilles, 
Ltd.; Consett Iron Co., Ltd.; The Darlington 
Forge, Ltd.; The Darwen and Mostyn Iron Co., 
Ltd.; Darwins, Ltd.; Dorman, Long & Co., Ltd. ; 
English Steel Corporation, Ltd.; Thos. Firth and 
John Brown, Ltd.; General Refractories, Ltd. ; 
Gillette Industries, Ltd.; Guest Keen Baldwins 
Iron and Steel Co., Ltd.; Guest, Keen & Nettle- 
folds, Ltd.; J. J. Habershon & Sons, Ltd.; Had- 
fields, Ltd.; N. Hingley & Sons, Ltd.; William 
Jessop & Sons, Ltd.; Kayser, Ellison & Co, Ltd. ; 
The Kennedy Press, Ltd.; The Kettering Iron 
and Steel Co., Ltd.; The Lancashire Steel Cor- 
poration, Ltd.; The Llanelly Steel Co. (1907), 
Ltd.; John Lysaght, Ltd.; McCall & Co. 
(Sheffield), Ltd.; The Millom and Askam Hema- 
tite Iron Co., Ltd.; The Mond Nickel Co., Ltd. ; 
Neepsend Steel and Tool Corporation, Ltd.; 


Balance 
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Newton Chambers & Co., Ltd.; Samuel Osborn 
& Co., Ltd.; The Oughtibridge Silica Firebrick 
Co., Ltd.; The Park Gate Iron and Steel Co., Ltd. ; 
The Patent Shaft and Axletree Co., Ltd.; Raine 
& Co., Ltd.; Round Oak Steel Works, Ltd.; 
Simon-Carves, Ltd.; Skinningrove Iron Co., Ltd. ; 
Walter Somers, Ltd.; The South African Iron 
and Steel Industrial Corporation, Ltd.; South 
Durham Steel and Iron Co., Ltd.; South Wales 
Siemens Steel Association; The Stanton Iron- 
works Co., Ltd.; The Steetley Co., Ltd.; John 
G. Stein & Co., Ltd.; Stewarts and Lloyds, Ltd. ; 
John Summers & Sons, Ltd.; Tata, Ltd.; Taylor 
Bros. & Co., Ltd.; Richard Thomas & Baldwins, 
Ltd.; The Tinsley Rolling Mills Co., Ltd.; The 
Union Steel Corporation (of South Africa), Ltd. ; 
The United Steel Companies, Ltd.; The Upper 
Forest and Worcester Steel and Tinplate Works, 
Ltd.; Vickers, Ltd.; The Wellman Smith Owen 
Engineering Corporation, Ltd.; The Welsh Plate 
and Sheet Manufacturers’ Association; White- 
head Iron and Steel Co., Ltd.; The Woodall- 
Duckham Vertical Retort and Oven Construction 
Co. (1920), Ltd. 


CHANGES ON THE COUNCIL. 
(To 31st March, 1946.) 


At the Autumn Meeting the President announced 
that Dr. C. H. Desch, F.R.S., had been unani- 
mously nominated to succeed him at the Annual 
General Meeting in 1946. 

During the year ending 31st March, 1946, Sir 

Peter Brown, Mr. Fred Clements, Mr. E. J. Fox 
and Sir William Larke, K.B.E., were nominated 
Honorary Vice-Presidents, and Mr. W. J. Dawson, 
Mr. G. H. Latham and Mr. R. Mather Vice- 
Presidents. 
. Mr. D. F. Campbell (Davy and United Engin- 
eering Co., Ltd.), Mr. R. A. Hacking (Dorman, 
Long & Co., Ltd.), Dr. J. W. Jenkin (Tube Invest- 
ments, Ltd.), Sir Arthur Matthews, O.B.E. (Thos. 
Firth & John Brown, Ltd.), and Mr. C. R. Wheeler 
(Guest Keen Balwins Iron and Steel Co., Ltd.) 
were elected Members of Council. 

Sir John Duncanson (Commercial and Techni- 
cal Director, the British Iron and Steel Federation) 
and Sir Charles Goodeve, O.B.E., F.R.S., D.Sc. 
(Director of Research, the British Iron and Steel 
Research Association), accepted invitations to 
be Honorary Members of Council. 

The following also agreed to serve as Honorary 
Members of Council during their presidencies of 
the societies named, in succession to their pre- 
decessors in the Chair: Colonel P. G. J. Gueter- 
bock, C.B., D.S.O., M.A. (Institute of Metals, 
following Dr. W. T. Griffiths), Mr. C. A. J. 
Behrendt (Lincolnshire Iron and Steel Institute, 
following Mr. J. N. Kilby), Mr. H. Bull (Sheffield 
Metallurgical Association, following Mr. A. A. 
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Munro), Captain H. Leighton Davies (Swansea 
and District Metallurgical Society, following Mr. 
O. J. Thomas), Dr. J. W. Donaldson (West of Scot- 
land Iron and Steel Institute, following Provost 
J. Tennent), Mr. Ambrose Firth (Sheffield Society 
of Engineers and Metallurgists, following Mr. F. 
Wardrobe), and Mr. J. H. Patchett (Cleveland 
Institution of Engineers, following Mr. L. Wright). 

In accordance with Bye-Law No. 10, the names 
of Vice-Presidents and Members of Council due to 
retire at the Annual General Meeting in 1946, were 
announced at the Autumn Meeting in 1945, but 
Sir William Larke, K.B.E., having become an 
Honorary Vice-President and Mr. W. J. Dawson a 
Vice-President, Dr. A. McCance, F.R.S., and Mr. 
K. F. Law retire in their places. The list of those 
retiring is accordingly as follows : 


Vice-Presidents—Mr. J. R. Menzies-Wilson, 
Mr. C. E. Lloyd and Dr. A. McCance, F.R.S. 


Members of Council.—Professor J. H. Andrew, 
Mr. W. B. Baxter, Mr. Gerald Steel, Mr. E. F. 
Law and Mr. I. F. L. Elliot. 


No other Members having been nominated up to 
one month before the Annual Meeting, the retiring 
Members are presented for re-election. 


MEETINGS. 
Annual Meeting. 


The Annual Meeting was held at The Institution 
of Civil Engineers, Great George Street, London, 
S.W.1, on Wednesday and Thursday, 11th and 
12th July, 1945, with sessions at 10.30 a.m. and 
2.30 p.m. on the first day and at 9.45 a.m. on the 
second. Mr. Arthur Dorman (President) was in 
the Chair on the Wednesday; on Thursday, Dr. 
C. H. Desch, F.R.S. (Senior Vice-President) 
presided in the President’s unavoidable absence. 
Nine papers were discussed at the meeting. 

A luncheon for Members at the Connaught 
Rooms, London, on 12th July was well attended, 
over 400 Members and guests being present. 


Autumn Meeting. 


The Autumn Meeting was held at the Chartered 
Surveyor’s Institution, 12 Great George Street, 
London, 8.W.1, on Thursday and Friday, 22nd 
and 23rd November, 1945, with Mr. Arthur 
Dorman (President) in the Chair. The sessions 
commenced at 10.30 a.m. and 2.30 p.m. on the 
first day, and at 10 a.m. on the second. Seven 
papers were discussed. 


PUBLICATIONS. 

The Journal.—T wo volumes of the Journal were 
published in respect of 1945. The No. I. volume 
contained nineteen papers, including six published 
under the auspices of the Joint Research Com- 
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mittees of the Institute and the British Iron and 
Steel Research Association and one Andrew 
Carnegie Research Report, and the No. II. 
volume contained eighteen papers, of which three 
were Joint Research Committee papers. These 
papers are listed in the Proceedings of the May 
and Autumn Meetings, respectively. 

In 1939 it had been decided that the Journal 
should be issued monthly as from Ist January, 
1940, in a larger size, but this change was post- 
poned on the outbreak of war. The Council have 
decided, subject to conditions permitting, to 
issue the Journal monthly from the beginning of 
1947, and as a preliminary step to use a larger 
format during 1946. Eleven papers issued during 
January and February, 1946, in the old style have 
been included in the No. II. volume for 1945; 
correspondence on these papers will be printed 
in the 1946, No. I. Journal. 

The Bulletin of The Iron and Steel Institute was 
published monthly during the year; as usual, it 
was reprinted as Section II. of the Journals issued 
for the corresponding periods. The Bulletin is 
supplied free of charge to Members on application ; 
the subscription rate to non-members is 30s. per 
annum ($6 to members of the American Iron and 
Steel Institute, the American Institute of Mining 
and Metallurgical Engineers and the American 
Society for Metals). 

Translation Service.—Translations of fifty-two 
foreign technical papers were included in the 
Institute’s Translation Series; they are obtain- 
able by Members at 10s. each (5s. for each 
additional copy of the same translation). The 
Council wish to record their appreciation of the 
collaboration received from a number of Com- 
panies, Research Associations, and Government 
Departments. 


Joint LIBRARY AND INFORMATION 
DEPARTMENT. 


Joint Lnbrary. 


Although demands for the loan of books and 
periodicals showed a slight decrease, due, no 
doubt, to the termination of the war and the 
change-over to peace-time conditions, the Council 
are gratified that the sphere of usefulness of the 
Joint Library continues to extend and that 
Members are availing themselves more and more 
of its organization. During the year 6752 publica- 
tions were borrowed, as compared with 6953 in 
1944. A list of additions made to the Library is 
issued quarterly and copies will be sent to Members 
on request. 


Collaboration with The Institution of Civil 
Engineers and the Science Library. 


The valuable collections of scientific works 
included in the Science Library and the Library 


of The Institution of Civil Engineers are available 
for consultation or loan under certain conditions. 


Information Department. 


The number of enquiries dealt with during the 
past year again increased. Members seeking 
information on technical subjects are invited to 
avail themselves of the service provided. 


BESSEMER GOLD MEDAL. 


The Bessemer Gold Medal for 1945 was awarded 
to Mr. Harold E. Wright, Chief Metallurgist of 
Messrs. Dorman, Long & Co., Ltd., in recognition 
of his valuable contributions over many years to 
the improvement of the technique of iron and 
steel manufacture. 

The Bessemer Gold Medal for 1946 has been 
awarded to Mr. J. 8. Hollings, C.B.E., in recogni- 
tion of his distinguished services in encouraging 
technical improvement in the manufacture of 
iron and steel. 


ANDREW CARNEGIE MEDAL. 


No award of the Andrew Carnegie Medal was 


made during the year. 


WILLIAMS PRIZE. 


Two Williams Prizes have been awarded for 
1945, one to Dr. R. Jackson for his paper on “ The 
Application of Radiography to the Improvement 
of Foundry Technique,’ and the other to Mr. 
T. F. Pearson for his paper on ‘‘ The Improvement 
of the Citric-Acid Solubility of Basic Open- 
Hearth Slags containing Fluorspar.”” The papers 
will be found in the No. I. and No. II. volumes, 
respectively, of the Journal for the year. 


ANDREW CARNEGIE RESEARCH SCHOLARSHIP. 
No grant was made by the Council during 1945. 


THE WoRSHIPFUL. COMPANY OF BLACKSMITHS. 


In response to an invitation from the Worshipful 
Company of Blacksmiths the Council nominated 
Dr. C. H. Desch, F.R.S., and the Hon. R. G. 
Lyttelton to represent the Institute on the Court 
of Assistants. 


PRESENTATIONS. 


The Council wish to record their thanks to the 
Board of The United Steel Companies, Ltd., for 
the presentation of a portrait of the late Mr. James 
Henderson (Past-President, Honorary Member) 
by Mr. Oswald Birley. . 

They also thank all Members and authors who 
have presented books and papers to the Library. 
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EDUCATION. 


The Committee referred to in the last Report has 
now been fully constituted as the ‘“ Joint Com- 
mittee on Metallurgical Education ’’; in addition 
to the Institute, the following societies are 
represented: The Institution of Mining and 
Metallurgy, the Institute of British Foundrymen, 
The Institute of Metals and the Institution of 
Metallurgists. 

The primary function of the Committee is to 
advise the Councils on all matters connected with 
the education of metallurgists. 


NATIONAL CERTIFICATES IN METALLURGY. 


Good progress was made in the establishment 
of National Certificates in Metallurgy, and courses 


are now being operated by a number of technical 
colleges. 


INSTITUTION OF METALLURGISTS. 


The new “ Institution of Metallurgists ’’ was 
registered in November, 1945, and applications for 
membership of this professional Institution in the 
classes of Fellow, Associate and Licentiate are 
now invited. The Council, jointly with the 
Council of The Institute of Metals, have agreed 
to assist the new Institution by providing accom- 
modation and the services of secretarial staff; 
and they extend to it cordial wishes for the future. 


RELATIONS WITH OTHER SOCIETIES AND 
TECHNICAL INSTITUTIONS. 


Friendly relations were maintained with scien- 
tific societies and technical institutions in Great 
Britain, the Dominions and allied and neutral 
countries. 


Co-operation with The Institute of Metals. 


Collaboration with The Institute of Metals was 
continued on the same basis as last year. A third 
of the Members of the Institute are also Members 
of The Institute of Metals. 


Affiliation with Local Societies. 


The Council are pleased to announce that as 
from Ist January, 1946, affiliation has been 
arranged with four more important local societies, 
namely : 


Cleveland Institution of Engineers. 

Leeds Metallurgical Society. 

Newport and District Metallurgical Society. 
Swansea and District Metallurgical Society. 


Affiliation with the following was announced 
last year : 


Lincolnshire Iron and Steel Institute. 


Sheffield Society of Engineers and Metallurgists. 
Staffordshire Iron and Steel Institute. 
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The societies retain their complete independence, 
but have agreed to provide facilities for Members 
of the Institute in the districts in which they 
operate on terms which, it is believed, will prove 
mutually advantageous. 


Co-operation with Local Societies. 


The Council record their pleasure at the con- 
tinued friendly relations existing with the follow- 
ing societies on the same basis as in previous years : 


Ebbw Vale Metallurgical Society. 
Manchester Metallurgical Society. 
Sheffield Metallurgical Association. 

West of Scotland Iron and Steel Institute. 


Meetings with other Societies. 


For the period from ist May, 1945, to 31st 
March, 1946, 


The following Joint Meetings were held with 
Local Societies (up to 31st March, 1946) : 


Wednesday, 24th October, 1945: Manchester Metal- 
lurgical Society and The Institute of Metals. 


Place and Time: The Engineers’ Club, Albert 
Square, Manchester, at 6.30 P.M. 


Chairman: Dr. W. T. Griffiths, President of The 
Institute of Metals. 


Lecture: ‘‘The Application of Radiography to 
The Improvement of Foundry Technique,” by 
Dr. R. Jackson. 


Saturday, 10th November, 1945: Scottish Branch of 
the Institute of British Foundrymen and the Associa- 
tion of Mining Electrical-Mechanical Engineers. 


Place and Time: Royal Technical College, Glas- 
gow, at 3.0 p.m. 


Chairman: Mr. Alexander Marshall, President 
of the Scottish Branch of the Institute of British 
Foundrymen, supported by Dr. A. McCance, 
F.R.S., Vice-President of The Iron and Steel 
Institute, and Mr. C. S. Buyers, President of 
the Association of Mining Electrical-Mechanical 
Engineers. 

Paper : ‘ High-Tensile Alloy Steel Castings,” by 
Mr. J. B. F. Jackson. 


Tuesday, 27th November, 1945 : Lincolnshire Iron and 
Steel Institute. 
Place and Time: Technical School, Cole Street, 
Scunthorpe, at 7.30 P.M. 


Chairman: Mr. C. A. J. Behrendt, President of 
the Lincolnshire Iron and Steel Institute. 


Paper: ‘Sinters and Sintering.—Part I.,” by 
Dr. H. L. Saunders and Dr. H. J. Tress. 


Tuesday, 4th December, 1945 : Sheffield Metallurgical 
Association and Sheffield Branch of the Institute of 
British Foundrymen. 


Place and Time: Sheffield Metallurgical Club, 
198 West Street, Sheffield, at 7 p.m. 

Chairman: Mr. A. A. Munro, President of the 
Sheffield Metallurgical Association. 

Paper: “Mould and Core Paints and Washes, 
and Parting Powders,” by Dr. W. J. Rees. 
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Monday, 17th December, 1945: Cleveland Institution 
of Engineers. 

Place and Time: Cleveland Scientific and 
Technical Institute, Corporation Road, Middles- 
brough, at 6.30 P.M. 

Chairman: Mr. J. H. Patchett, President of the 
Cleveland Institution of Engineers. 

Paper: ‘‘Some Design and Operating Features 
of a New Blooming Mill,” by Mr. G. A. V. 
Russell and Mr. G. W. Fox. 


Wednesday, 9th January, 1946 : 
lurgical Society. 
Place and Time : The Rational Hall, Ebbw Vale, 
at 6.45 P.M. 
Chairman: Mr. W. J. 8S. Roberts, Chairman of 
the Ebbw Vale Metallurgical Society. 
Address : ‘‘ Refractories—the Limiting Factor in 
Open-Hearth Practice,’ by Dr. J. H. Chesters. 


Tuesday, 29th January, 1946: Lincolnshire Iron and 
Steel Institute. 
Place and Time: Technical School, Cole Street, 
Scunthorpe, at 7.30 p.m. 
Chairman: Mr. C. A. J. Behrendt, President of 
the Lincolnshire Iron and Steel Institute. 


Paper : ‘‘ Some Design and Operating Features of 
a New Blooming Mill,” by Mr. G. A. V. Russell 
and Mr. G. W. Fox. 


Under the Affiliation Scheme Members were 
invited to take part in many meetings of Affiliated 
Local Societies, amongst them the following : 


Monday, 15th October, 1945: Sheffield Society of 
Engineers and Metallurgists. 

Place and Time: The University, St. George’s 
Square, Sheffield, at 6.30 p.m. 

Chairman: Mr. F. Wardrobe, President of the 
Sheffield Society of Engineers and Metal- 
lurgists. 

Lecture: ‘‘ An Application of the Spectrograph 
and Spekker Absorptiometer to the Micro- 
chemical Analysis of Steel,” by Lt.-Commander 
J. Convey, Ph.D., and Mr. E. J. Vaughan. 


Thursday, 18th October, 1945 : Staffordshire Iron and 
Steel Institute. 
Place and Time; Technical College, Dudley, at 
6 P.M. 
Chairman: Dr. J. E. Hurst, President of the 
Staffordshire Iron and Steel Institute. 


Presidential Address ; ‘‘ Residual Elements and 
Dissolved Gases in Cast Iron,’ by Dr. J. E. 
Hurst. ~ 


Thursday, 15th November, 1945: 
and Steel Institute. 
Place and Time : Victoria Hotel, Wolverhampton, 
at 7 P.M. 
Chairman: Dr. J. E. Hurst, President of the 
Staffordshire Iron and Steel Institute. 


Film : “ Heavy Forgings,” presented by Mr. S. H. 
Thorpe. 


Saturday, 19th January, 1946 : Swansea and District 
Metallurgical Society. 


Place and Time : Royal Institution, Swansea, at 
6.30 P.M. : 


Ebbw Vale Metal- 


Staffordshire Iron 
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Chairman : Captain H. Leighton Davies, President 
of the Swansea and District Metallurgical 
Society and Vice-President of The Iron and 
Steel Institute. 

Paper: ‘‘Instrument Control in Open-Hearth 
Practice,” by Mr. Talfryn Davies. 


Monday, 18th February, 1946: Sheffield Society of 
Engineers and Metallurgists. 
Place and Time : Royal Victoria Hotel, Sheffield, 
at 6.15 P.M. 
Chairman: Mr. F. Wardrobe, President of the 
Sheffield Society of Engineers and Metallurgists. 
Lecture: ‘“‘ The Future of Co-operative Research 
in Iron and Steel,’ by Sir Charles Goodeve, 
O.B.E., D.Sc., F.R.S. 


Saturday, 23rd February, 1946 : Swansea and District 
Metallurgical Society. 
Place and Time: 
at 6.30 P.m. 
Chairman : Captain H. Leighton Davies, Presi- 
dent of the Swansea and District Metallurgical 
Society and Vice-President of The Iron and 
Steel Institute. 
Paper: ‘“‘Some Aspects of Rolling,” by Dr. H. 
Ford. — 


Saturday, 9th March, 1946 : 
Metallurgical Society. 

Place and Time: 
P.M. 

Chairman : Captain H. Leighton Davies, Presi- 
dent of the Swansea and District Metallurgical 
Society and Vice-President of The Iron and 
Steel Institute. 

Lecture ;: ““ Some Problems of the Metallic State,”’ 
by Sir Lawrence Bragg, F.R.S.. 


Royal Institution, Swansea, 


Swansea and District 


Guildhall, Swansea, at 6.45 


RESEARCH. 


British Iron and Steel Research Association. 


As previously reported, the British Iron and 
Steel Research Association took over responsi- 
bility for the industry’s co-operative research 
activities from The Iron and Steel Industrial 
Research Council as from 1st January, 1945. The 
Institute collaborated with the Research Associa- 
tion during the year on the same basis as previously 
with the Research Council. 

Satisfactory arrangements for future collabora- 
tion have been made. The Research Association 
will during 1946 assume responsibility for work 
hitherto done by the Institute’s Joint Research 
Committees and the Institute will undertake a 
number of duties on behalf of the Research 
Association, including the provision of library and 
information services and the publication of 
papers and reports. Substantial expansion of 
the departments concerned will be required. 

Preparatory to these changes the constitution 
and activities of the Joint Research Committees 
and their Sub-Committees were reviewed. The 
Steel Castings Research Committee was dissolved 
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as from 31st December, 1945, and new arrange- 
ments were made for the continuance of the work 
under the direction of the Steel Castings Divisional 
Panel of the Research Association; the Hetero- 
geneity of Steel Ingots Committee was renamed 
the Ingots Committee; in the case of this Com- 
mittee and of the Alloy Steels Research Com- 
mittee and Corrosion Committee a number of 
changes were made in the programmes of research 
and lists of Sub-Committees. 

The following is a list of the Joint Research 
Committees and of their Sub-Committees, cor- 
rected up to 3lst December, 1945. The number 
of meetings recorded in 1945 was 70 (56 in 1939; 
59 in 1940; 64 in 1941; 75 in 1942; 62 in 1943; 
79 in 1944): 


Alloy Steels Research Committee : Chairman, Mr. 


W. J. Dawson. Established June, 1934. Meetings 
held during 1945: three. 
Thermal Treatment Sub-Commitiee: Chairman, 


Mr. P. B. Henshaw. Established January, 
1936. Meetings held during 1945: three. 


Hair-Line Crack Sub-Committee : Chairman, Mr. 
H.H. Burton. Established July, 1938. Meet- 
ings held during 1945: three. 


Special Aero-Components Sub-Committee : Estab- 
lished July, 1940. Meetings held during 1945 
(not recorded). 


Corrosion Committee : Chairman, Mr. W. J. Dawson. 
Established July, 1928. Meetings held during 1945: 
three. 


Atmospheric Corrosion Sub-Committee : Chairman, 
Mr. T. Henry Turner. Established June, 1944. 
Meetings held during 1945: three. 


Protective Coatings Sub-Commitiee : Chairman, 
Mr. T. M. Herbert. Established January, 
1936. Meetings held during 1945: two. 


Marine Corrosion Sub-Committee: Chairman, 
Professor J. E. Harris. Re-formed November, 
1938. Meetings held during 1945: three, 


Sub-Committee on the Corrosion of Buried Metals 
(working in collaboration with the Committee 
on Soil Corrosion of Metals and Cement Products 
of The Institution of Civil Engineers) : Estab- 
lished October, 1937. No meetings held during 
1945; activities carried on by correspondence. 


Industrial Waters (Corrosion) Sub-Committee: 
F Chairman, Dr. J. W. Jenkin. Established May, 
1945. Meetings held during 1945: three. 


Methods of Testing (Corrosion) Sub-Committee 
(previously sub-committee IS/28/1, Drafting 
Committee for Protective Coatings of Iron and 
Steel, of the British Standards Institution) : 
Chairman, Dr. J. C. Hudson. Established 
November, 1945. Meetings held during 1945: 
one. 


Heterogeneity of Steel Ingots Committee (formerly the 
Committee on the Heterogeneity of Steel Ingots) : 
Chairman, Mr. H. H. Burton. Established May, 
1924. Meetings held during 1945: three. 

Ingot Moulds Sub-Committee: Chairman, Mr. 
R. H. Myers. Established November, 1934. 
Meetings held during 1945: two. (Stresses in 
Moulds Panel, none.) 
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(Sub-Committee on the Physical Chemistry of Steel- 
making. Established 1938. No meetings held 
during 1945. Dissolved.) 


Liquid Steel Temperature Sub-Commitiee : Chair- 
man, Mr. EK. W. Elcock. Established March, 
1929. Meetings held during 1945: three. 


Sub-Committee on Gaseous and Non-Metallic 
Inclusions (including the Oxygen Sub-Committee) : 
Chairman, Mr. W. W. Stevenson. Established 
January, 1936: title changed February, 1944. 
Meetings held during 1945: two. (Chemists’ 
Panel, four.) 


Inclusions Sub-Committee : Chairman, Mr. W. J. 
Dawson. Established November, 1936. Meet- 
ings held during 1945: three. 


Standard Methods of Analysis Sub-Committee : 


Chairman, Dr. E. Gregory. Established 
September, 1939. Meetings held during 19465 : 
six. 


Steel Castings Research Committee : Chairman, Mr. 
Ww. Dawson. Established November, 1934. 
Meetings held during 1945: four. 


Moulding Materials Sub-Committee : Chairman, 
Dr. W. J. Rees. Established March, 1936. 
Meetings held during 1945: three. 

Foundry Practice Sub-Committee ; Chairman, Mr. 
F. Cousans. Established May, 1938. Meet- 
ings held during 1945: four. 

Foundry Steel Temperature Sub-Committee : Chair- 
man, Mr. D. A. Oliver. Established December, 
1941. Meetings held during 1945: two. 

Side-Blown Converter Practice Sub-Committee : 
Chairman, Dr. T. P. Colclough. Established 
September, 1943. Meetings held during 1945 : 
four. 

Refractories Panel (reporting through the Side- 
Blown Converter Practice Sub-Committee to 
the Open-Hearth Refractories Joint Panel of 
the British Refractories Research Association 
and the British Iron and Steel Research Asso- 
ciation): Chairman, Dr. R. J. Sarjant. 
Established December, 1943. Meetings held 
during 1945: two. 

Metallurgical (Steel Castings) Sub-Committee : 
Chairman, Mr. . J. Dawson. Established 
June, 1944. Meetings held during 1944: four. 


STAFF. 


The Council wish again to put on record their 
appreciation of the services rendered by the staff. 
Mr. A. E. Chattin, Assistant Secretary, completed 
twenty years’ service with the Institute. 


Honours CONFERRED ON MEMBERS. 
(To 31st March, 1946.) 


The Council tender their warmest congratula- 
tions to the following Members of the Institute for 
honours and appointments received during the 
period under review : 

Arrcnison, Dr. L.—Appointed to the first Chair of 

Industrial Metallurgy at Birmingham University. 

ARCHER, Rospert S.—Awarded Sauveur Achievement 

Medal of the American Society for Metals. 
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Austin, G. WesLEY.—Hlected to the Goldsmiths Pro- 
fessorship of Metallurgy at Cambridge University. 
BEHRENDT, C. A. J.—Elected President of the Lincoln- 

shire Iron and Steel Institute. 

Briers, H.—Served during the war on the Technical 
Advisory Committee on Alloy and Special Steels 
set up by the Department of Munitions and Supply 
of the Canadian Government. 

Buxzi, H.—Elected President of the Sheffield Metal- 
lurgical Association. 

CuestTerRs, Dr. J. H.—Awarded degree of Doctor of 
Technical Science by Sheffield University. 

CHEVENARD, Professor P.—Elected a Member of the 
French Academy of Sciences. 

Daviss, Captain H. Lereutron, C.B.E.—Elected Presi- 
dent of the Swansea and District Metallurgical 
Society. 

DetrortT, VincentT.—Appointed Public Relations 
Officer to the Joint Iron Council. 

DonaLpson, Dr. J. W.—HElected President of the West 
of Scotland Iron and Steel Institute. 

Dorey, Dr. 8. F.—Created Commander of the Order 
of the British Empire. 

Evans, Dr. U. R.—Appointed to the Readership in 
the Science of Metallic Corrosion at Cambridge 
University. 

FAULKNER, V. C.—Elected an Honorary Member of 
the Czechoslovak Foundrymen’s Association. 

Firtu, AMBROSE.—Elected President of the Sheffield 
Society of Engineers and Metallurgists. 

FRANCIS, HeERBERT.—Created a Member of the Order 
of the British Empire. 

Garpom, J. W.—Awarded the E. J. Fox Gold 
Medal of the Institute of British Foundrymen. 
Re-elected President of the Institute of British 
Foundrymen for a second year. 

Gintu, C. S.—Elected Chairman of the British Steel 
Founders’ Association. 

GoopEvE, Dr. CHarues, F.R.S., O.B.E.—Created a 
Knight Bachelor. 

GREEN, A. T.—Created an Officer of the Order of the 
British Empire. 

Harpy, H. K.—Awarded the degree of Doctor of 
Philosophy. 

Harpy, T.—Served'during the war on the Technical 
Advisory Committee on Alloy and Special Steels 
set up by the Department of Munitions and Supply 
of the Canadian Government. 

HensHaw, P. B.—Elected President of the Crucible 
Steelmakers’ Association. 

Horst, Dr. J. E.—Made a Freeman of the Worshipful 
Company of Smiths. 

JEFFRIES, Dr. Zay.—Awarded the Annual Powder 
Metallurgy Medal of the Stevens Institute of 
Technology. Awarded the Francis J. Chalmer 
Medal of the Franklin Institute. 

Jenkin, Dr. J. W.—Elected President of the Birming- 
ham Metallurgical Society. 

Jones, Sir Lewis, M.P.—Appointed Parliamentary 
Commissioner to the Charity Commission. 

LarkE&, Sir Witi1amM, K.B.E.—Awarded the Honorary 
Degree of Doctor of Science at Durham University. 

McCosu, A. K.—Elected President of the British 
Employers’ Confederation. 

Parcuett, J. H.—Elected President of the Cleveland 
Institution of Engineers. 

Prat, C. U.—Appointed Parliamentary Secretary, 
Ministry of National Insurance. 

Ress, Dr. W. J.—Elected President of the British 
Ceramic Society. 

Sarsant, Dr. R. J.—Created an Officer of the Order 
of the British Empire. 

TIGERSCHIOLD, Maanus.—Awarded the degree of 
Doctor, honoris causa, at Upsala University. 
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TrEvorRow, J. H. L.—Created a Gommander of the 
Order of the British Empire. 

Waite, Dr. James.—Appointed Lecturer in Refrac- 
tory Materials in the Department of Metallurgy, 
Sheffield University. 


APPOINTMENT OF REPRESENTATIVES. 
The following is a list of the Institute’s repre- 


sentatives on various governing bodies and 
committees at 3lst March, 1945: 


BritisyH Cast IRON RESEARCH ASSOCIATION : Professor 
T. Turner. 

British CORPORATION REGISTER OF SHIPPING AND 
ATRORAFT, Technical Committee : Dr. A. McCance, 
F.R.S. 

British ELECTRICAL AND ALLIED INDUSTRIES RE- 
‘SEARCH ASSOCIATION, 

Sub-Committee J/E, Joint Committee, Steels for 
High Temperatures: Dr. J. W. Jenkin; one 
appointment open. 

Sub-Committee F/J, Earthing to Water Mains: 
Dr. J. C. Hudson. 

British [RON AND STEEL FEDERATION, 

Statistical Committee: Mr. K. Headlam-Morley. 

Films Panel: Mr. K. Headlam-Morley. 

British Iron anpd STEEL RESEARCH ASSOCIATION, 
Council: Professor J. H. Andrew, Professor G. 
Wesley Austin, Mr. Arthur Dorman, Mr. J. Sin- 
clair Kerr, Dr. J. W. Jenkin, Dr. E. Gregory, 
Dr. W. T. Griffiths, The Hon. R. G. Lyttelton, 
Dr. W. J. Rees. : 

British REFRACTORIES RESEARCH ASSOCIATION, 
Council: Mr. J. Sinclair Kerr. 

BririsH STANDARDS INSTITUTION, 

General Council and Executive Committee: Mr. 
J. R. Beard (representing the Founder Insti- 
tutions). 

Chemical Engineering Divisional Council: Mr. E. F. 
Law. 

Engineering Divisional Council E/- : The Hon. R. G. 
Lyttelton, Mr. J. Sinclair Kerr, Mr. W. B. 
Baxter. 

Sub-Committee IS/35/3, Malleable Steel Castings : 
Mr. C. H. Kain. 

Sub-Committee C/25/10, Painting of Iron and Steel : 
Mr. F. Fancutt, Mr. R. A. Hacking. 

Sub-Committee CEB/6/1, Concrete Blocks: Mr. 
W. J. Brooke, J.P. 

Technical Committee CEB/1, Cement: Mr. W. J. 
Brooke, J.P. 

Technical Committee CH/17, Symbols used in 
Diagrams of Chemical Engineering Plant: Mr. 
A. E. Chattin. 

Sub-Committee CH/18/2, Metallic Finishes: Mr. 
T. W. Whiting. 

Sub-Committee CH/18/4, Phosphate Coatings: Dr. 
J. C. Hudson. 

Technical Committee EL/28, Fans: Mr. A. F. 
Webber, Dr. A. M. Burdon. 

Technical Committee HIB/15, Pressed Steel Gal- 
vanised Rainwater Goods: Dr. A. M. Burdon. 

Iron and Steel Industry Committee IS/-: Mr. F. H. 
Saniter. 

Technical Committee IS/-/1, Advisory Committee on — 
Tron and Steel: Mr. F. H. Saniter. 


Technical Committee IS/1, Co-ordination of Iron _ 


and Steel Specifications: Mr. S. Barraclough. 
Technical Committee IS/6, Steel Castings: Dr. 
R. H. Greaves. 
Technical Committee IS/8, Creep Properties: Mr. 
_ L. Rotherham. i < 
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Technical Committee IS/11, Galvanised Corrugated 
Steel Sheets: Dr. J. C. Hudson. 

Technical Committee IS/15, Iron and Steel for 
Shipbuilding : Sir Edward J. George. 

Technical Committee I8/17, Cast Iron Columns for 
Street Lighting: Mr. J. G. Pearce. 

Technical Committee IS/28, Protective Coatings 
for Iron and Steel: Dr. J. C. Hudson. 

Technical Committee IS /29, Tinplate : Mr. D. Luther 
Phillips. 

Technical Committee IS/35, Cast Iron: Mr. J. G. 
Pearce. 

Technical Committee ME/23, Indentation Hardness 
Testing : Mr. J. Woolman. 

Technical Committee ME/25, Testing of Metal 
Sheets and Strip: Dr. A. M. Burdon. 

Technical Committee ME/32, Engineering Symbols 
and Abbreviations: Dr. A. M. Burdon. 

Technical Committee PAM/160, Reels and Drums 
for Electrical Wires: Dr. A. M. Burdon. 

Technical Committee PSM/2, Welders’ Goggles : 
Dr. C. H. Desch, F.R.8. 

Solid Fuel Industry Committee, SF/-: Mr. A. F. 
Webber. 

Technical Committee SF/1, Nomenclature and 
Definitions: Mr. A. F. Webber. 

Technical Committee SF/2, Underfed Screw Type 
Stokers: Mr. A. F. Webber. 

Technical Committee SI/4, Heating Stoves: Mr. 
A. F. Webber. 

Technical Committee SF/17, Sampling and Analysis 
of Flue Gases: Mr. F. A. Gray. 

Units and Technical Data Co-ordinating Committee : 
Sir Wm. Larke, K.B.E. 

Conference M/4, Letter Symbols: Dr. A. M. 
Burdon. 

Crry anp Guiips or Lonpon Instirute, Advisory 
Committee on Metallurgy: Dr. J. W. Jenkin. 

CONSTANTINE COLLEGE, Advisory Committee: Mr. 
E. W. Jackson. 

Empre Counc, oF Mininc anD METALLURGICAL 
Instrrutions: Mr. K. Headlam-Morley, Mr. J. 
Sinclair Kerr. 

ENGINEERING PuBLIO RELATIONS COMMITTEE, 

Main Committee: appointment open. 
Executive Committee: Mr. K. Headlam-Morley. 

HatrietD Memoria Lecture CommirTrEE: Mr. K 
Headlam-Morley, Dr. C. Sykes, F.R.S. 

Hone-Kone Untversiry, Home Committee : appoint- 
ment open. 

ImPerRiaAL CoLLEGE oF SCIENCE AND TECHNOLOGY, 
Board of Governors: Dr. C. H. Desch, F.R.S. 


ImeeRiAu InstrruTE, Mineral Resources Department, 
Iron and Ferro-Alloy Metals Committee: Mr. 
K. Headlam-Morley. 

INsTITUTE oF FuEL, Council: Dr. R. J. Sarjant. 

Institute or Puysics, Industrial Radiology Group, 
Sub-Committee on Terminology relating to Casting 
Defects revealed by X-Rays: Dr. R. Jackson. 

INSTITUTE OF WELDING, 

Council and Representative of Patron Institution : 
Mr. K. Headlam-Morley. 

Joint Library Committee (with British Welding 
Research Association) : Mr. K. Headlam-Morley. 

InstTiTuTION oF Cry. ENGINEERS, Committee on Soil 
Corrosion of Metals and Cement Products, Sub- 
Committee on Soil Corrosion of Metals: Dr. 
J. C. Hudson. 

INSTITUTION OF MECHANICAL ENGINEERS, Research 
Committee on High-Duty Cast Irons for General 
Engineering Purposes: Dr. J. E. Hurst. 

JorInT COMMITTEE ON MATERIALS AND THEIR TESTING : 
Mr. K. Headlam-Morley. 

JOINT COMMITTEE ON METALLURGICAL EDUCATION: 
Dr. C. H. Desch, F.R.S., Mr. R. A. Hacking, The 
Hon. R. G. Lyttelton. 

LiverrooL UNIvEersiry, Court of Governors: Sir 
W. Peter Rylands, Bt. 

Kone’s CoLmuece, NEWCASTLE-UPON-TYNE (Univer- 
sity of Durham), Metallurgy Advisory Committee : 
Mr. J. H. Patchett. z 

Lioyp’s REGISTER oF Sureprne, Technical Com- 
mittee: Mr. H. H. Burton, Mr. R. A. Hacking. 

NATIONAL CERTIFICATES IN METALLURGY JOINT Com- 
MITTEE: Mr. R. A. Hacking, Dr. J. W. Jenkin. 

NationaL PHysicat LaBoratory, General Board: 
Professor J. H. Andrew, Mr. W. J. Dawson. 

PARLIAMENTARY AND Scrmm=ntTIFIC ComMMITTEE: Mr. 
K. Headlam-Morley. 

Ramsay Memoriat Laporatory, Advisory Commit- 
tee: appointment open. 

Royaut ScHoon or Mines, Advisory Board: Mr. 
Vernon Harbord. 

Royaut Socrery, General Board for Administering 
Government Grants for Scientific Investigations : 
The President. 

ScHooL or MertTauiireRous Minine (CORNWALL), 
Board of Governors: Mr. J. S. Hollings, C.B.E. 

ScrENcE Museum, Advisory Council: appointment open. 

SHEFFIELD UNIveERSITy, Court of Governors: Sir 
Arthur B. Winder, J.P. 

WorsHrPruL Company oF Buacksmitrus, Court of 
Assistants: Dr. C. H. Desch, F.R.S., the Hon. 

R. G. Lyttelton. 


[The Statement of Accounts for 1945 will be found in the following pages. ] 
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STATEMENT OF ACCOUNTS FOR 1945. 


ZLOFS 

SIF 

$8 ——— 
AC] 
1 

SZ8'T 
GS 
0gL‘T 
0g 

6FS8'S 

$ ¥ 

993065 

183 
Ta 
GS 
OT 
0S 
T 
GS 
GS 

092 

Z9t 

TLS 

TLS 

ag 

09 
g 
1g 

619 

019. 

080‘T 

ce 

8L8'F 
Ts 
$F 
309 
SIP 
9F 
1g 
61h 
TIL 
LSP 
$LB. 
G68 

28 

Ss 

SIL 

$81 

163 

396 

SPT, 

0028‘T 

028 

88 

$818 
ost. 
€88‘8 
318 
197, 
090‘ 

3 3 


ampipucdxy I9A0 ouLOoUyT JO ssooxy Zujeq ‘eouvreg 


eee eee one 


soy epoossy 
ra SIOQULO| SBISIOAQ 


a “* gIeqUleyy 9ULOHL 
: Junoody suotydiosqng 
oe ane soo, 90UBIJU 
—? SUOT}BUTMION sorueduLog 


ge [epey_ Ploy Ieulessag 
ae zee OAIOSIY [VIIUA*) 
Xopuy Ive X-Uay, 

AreiqryT 
“*  suoneI00eg pus sitedey 


—: spun000V esuodsng pure sAlosey IoJsuvLy, 


UMOP JYSNoOIg vouVle_ 


we “+ ggyoreosoy AIpung 


puny e1n4oey [epIoMEW PIeyIeH 


*** gaqTUTUMOD IpTFWEPOS pus Aveyaoureyied 


ao}qIUIUIOD WOlyeonpA yuToOL 
OX pung [eWomey IOTE TW 
TOMNNIYSUy sprepueis Ys 


Aseria req} cae STVLIeyeW WO 994}TUIMIOD 4UIOL 
MWOBIOOSSY YoIvesey sowoyejoy USI 
“+ TOIpBIOOSsy YOTeasey SeLsNpU] Pally PUe [eoIT YSU 


—? syUBIy 
‘*  SqSTSIMI[BIOW JO WOIyNgI4ySUT 
$0} BOYT}190 [VUOIIEN 


“ sosuodxy ee pue syueMesMasiq, s9WO 


STVO pues [ejuey suoqdesay, 
a FHGEL 10} SOOT SIOZ PNY 


oseured eM ‘od 
oes soueMsuy 


sosuodixgy quoura;s33;0m pur SUITeABIy, 


104M 


“+ sdureyg ydiaooy pue eseys0g 
a Suu pue Ar1em0}}049 
oc8 “* Tepeypl PION Ieulesseg 


ak * suolpeorTqng [epoedg 
93e480g ‘od 
a 08 ‘ON Jodexy feroedg 
a QOTAIIS SUOIZRISURLT, 
sormdvisolqig: 
938480g 
sulyuyg : yey 
“* 9f98qS80q 
“* Zuruld : setdop soueapy 
93%480d. 
redeg pus suyjulid : [eumor 
—: sosuodxg SurysTjqng 
a ce “+ g91}91009 [B00'T 
Buljo0yy UUININY 
Ssuye0] [enury 
emp, sO 
“ SurIpulg pue syoog AreiqryT 
pue suyyary ‘suyeoR ‘“Buraee[O 
cd Wy pue WoT} e1000 ‘sipedoy 
ci yuIy 90WO 
“* pug aoyenuneiedng 77g 
g0uUvINSU] [VUOT}8 NT 


one eee 


pung yorvasey olseureD U0IJ UOTyNGI4WOD ssaT 


ore (eurmz040 


snuog I@M 


89010 “WH Uf Fes 
pad suo[sudg ZUIPN[OUT) soLIelTVsg 


“AM OLIGNAdXH 


—— 929'T 


163° 
$ 


$89°81F 


Sa LOS, 


Ts 
19 


6FS'S 
0S3°F 


0S3'T 


FI9S 


91g 


E2P'T 


SP6r 


“*  g][qvIBAODII XBT, FULODUT 
Sump peafeoor suOrNgi}u0D 
—: suordprosqng [vedg 


UAMOP PelLIvo aULOOUL 19A0 aInyIpuedxy Jo sseoxy Zuleq ‘ooueyeg 


999'T 
90r's 
3 
00S 
000s * 
0s 
o0¢ = —— 
0093 
ee li 
oe in 
1 ie 
€02'T eee 
tee - 
ae 
Seiten. 
ae me 
: A 
Ay ee 
ee vides 
oo 
eIs tee 
ire ame 
ar ag 
209 eee 
toe ee 
1s —— 
18 
OL3S 
s 


aoe 


QO[AIOY WOT}VULIOJUT IOJ URI 
SATAIOS [BLBIOLOGS IOJ JUCIE) 
= “ “UMoTMg IF uery 


—: UOT}EDOSSY YoIvesey [904g PUB OI] YSU 


nee ore 


punjoy ssay 
AIVIQUT JUJOL 04 WOTNGLIZUOH 
ace on aIQBalooey UAT 
—: STB JO 09N4T4SUT 
sydraoe"y AIpung 
“+ qunosoy yIsodeq Uo 4se109UT 


eee eee 


79 puny Tepey, Jewessog: 


“7 puny worjtsodui0yp oT 
4 ae pun persue 


: (S801) SJUIUIASIATT WO 4S9I04UT 


“* Suol}e[sueLy, 
vee see eee uno 
‘ow ‘spemmor 
—? sul} BoTTqNg Jo seTeg 


‘oa 


eee see 


sIvolly 


SUOT}VUTUION soruvdul0D 


‘og 


“+ quoLMy ‘soqB1D0SSY 


ond Ge “+ greamy ‘od 
SUO}}eUTULO N sofueduiog ‘og 
= qUOLMO SBaSIOAG ‘SIOQUIOW 
ae aes “+ greolIy ‘oq. 
_ SUO}FBUTULO N sotuedulog = ‘od 


queLMg emo H *s1oquleyy 
— suondiiosqng [enuay 


“+ pun dArTOsey 0} JoJsUeIT, 9897 


SUOT}eUIUION soTueduI0g 


eee aee tee 


SMOONT 


‘od ‘ 


“" g99q 90UBIIUTT 


SIL PS 
— BL 
TrS‘T 
ites 
3 3 
$89°8T3 
1632'S 
—— 0934 
00g 
000‘S 
OSZ 
LUT 
os— 
OLY 
0S2 
OF 
*8 
STs‘I 
9T 
Ost, 
691'T 
200° 
64S 
2ST. 
966'T 
Ost 
rai 
88 
00F . 
S83‘T 
193 
‘6 
080'T 2 
SP8‘S 
Sol 
OIL 
89g‘ 
043 
0L3 
3 3 
*PPOL 


—— MTC. ae i ee 
‘Ch6L “UMAWHOUG IS1I¢ CHGNA UVAA AHL YOA LNAOOOV WAOLIGNAdXAH ANV AWOONT 


a 


STATEMENT OF ACCOUNTS FOR 1945. 


30 P 


- i Sain F F Es ite © © Dede Car ci DS a a ee 
sre Spsubidweesiee =a Hrtele adie: = » 


ny oa on 
816 15 GVG 1S BLS TF BPS TS i 
609 $e ses ‘*  IvaX oY} JO} snzIpuedxyY I9Ao0 ouloouy Jo sseoxy Bujoq ‘eouvteq ecg 
00s Me ee = oy ee Es “* Opis’ Jos JUNOULW—oaAlosey [erouer)  00G 
Ot es i os = eee eee eae eee eee wee wee 90 qIpny OL 
Ost oe Be SalIe]Bg JO JUN0D0" UO PUNT [VIoWsy) 0} WOMNGIU0D OST 6 me see see a se% aes ses zo sz sqsodeq uo 4solejuy FF 
ue ae toe eee eee eee eee eee eon sq10doyy sunulig 83 692'T eee eee see eee eee see ere (ssoI) §]UOUIYSOAUT uo 4so10qUuy SET 
F Ej 67 . 5 
P ‘PHOT “FFL 
HUMOLIGNAdX a “HMOONT 
‘9F6l “UHAWHOUC Islgé GHANA UVAA AHL WOA LNAOOOV HHO LIGNYdXH ANV HNOONT . 
FIO'SSs O96'TSS | FLO'SSF 096‘T&s 
68F'TS ait 48°08 
G09 IvoA otf} IO} oMYIPUEdX IaAO 9ULODUT Jo sseoxy pp 6¢¢ 
; qct‘g ** SFG ‘Arenuve 4S] 48 Se oMLOOUT snjding ppy 969'F 
G89'GS Z89'GS 
aj IPP 'F “*  gooyg eourjed 4se] Jod posyeyidep souls syunouly poy LPP F 
ORT : ne ue ne a9 I[QBVIOAOCODY XVI, oULOOUT 19g TVG 1S ee 33 a “* 000‘00TS ‘Pung [euJsI0 Jo yunoury = TFS ‘1T 
979 — fe oF —. Fes eae és en A Sa “+ “aTeIpI9AQ yURg 4 
698 ; eg ae ai “* gunoooy YU SSUTABS 90NO 480g soe 00s T 000‘T 
SOL wee eee eee see eee eee quno00 Vy qsodeq uo g0L 00g eee fee nee eee see Cr6L ‘IoJsuvL I, zeyqqIM PPE 00g 
911 zie &G Nor Ate Ee a “+ qunosoy Jue) uO jas 000‘T eee aes see tee tee ase “* gATesey [e1emey 00¢ 
—! yurg 4e yseg gL O00T 
i : (oso‘ses SBM OL eae eee wae tee eee wee aoe 800,7 <S1I0UIpPRy OL 
SPELT “Toquisoag 4STE 4¥ SyUOUASOAUT os8aT]} JO OnTeA JoHIeW OUT) 99 ao ne a ee ne Pies vis “ sjueip 06 
881'sE on a a ss ae gnpeyog tod 4s0p 48 syUoMNySOAUT 88608 —: SI0qIperg Arpung 
a + 8} aj ai Gi 3 a 
“PHOL “FPOL 
“SLUSSV “SHILITIAVIT 
“SP6I eS ICES BNC LO )C Cal Isi¢ “LHHHS AONVIVE : 1 
‘CNOA HOUVEASHH ATOHNYVO MAYANV 
‘ \ 
0025 9ZIF | 0085 ' 9315 
PL aoe SZ oo Ivak 9Y} IO} ouoouy I9A0 oINyTpuedxi Jo sseoxe Suyoq ‘souyeg  — 
Ls ees ne *80 aca ies 19K OY} JOJ oMIPPUodXG 19A0 OWIOOUT JO SSOOXT ZT G Bie Sen ae ae oa rk ea “a ise ** gtsodeq uo 4soroquE «= g 
00Z see see nee wee eee eee eee eee wae tee eee eee SPIVAY pee, IZL eee a i RS S25 a) cee “90 Ne? usoT UWOIsIEAUO/) %E uo qso10qgUuy ISL 
3 33 3 F 
“HUN LIGNGdX aA “AWOONIT 
“Sh6T “UMAWHOUC ISl€ GHANA UVAA DHL YO LNOQOOOV AUNLIGNAGXA GNV ANOONT 
688° 896s 688 °CF £965 
699 = Fae A, 
tL ane one wee wee eee wee wee Or6L “loqure00qq 9Z1 
61Z% seks 268 481g 0} IvaxX oY} OJ oULOOUT JeAO OIMyFpusdxT Jo ssooxy ponpeq PPE 
oon oo ere sue One jyunoooY YyuV_ ssupAvg soo ysoq OFS Srl ie + af <5 CF6L ‘Arvnuve 487 48 8B sOULTeEg Z19 
69. ear aed dee ay Abe ise qunoooy queLMg uO oF — yunoovoy emyrpusdxm pue ouloouT 
—!: yueg 9e yseo 0223'S “* poyeIMSnevul sea PUNT oy} Uo “9ZET ‘Ioquieydeg 4sTZ 4¥e UFO 033s 
0L9'Z oo vee *** (4800 4%) ULOT UOTSIOATOD %Fe “ps “SCT SaF‘SF 0219'S UOISIOEAMOD %FE OOO'SF JO onTeA JoyTeW Buyyueserder onqea [eydeg 
3 3 43 o F = 5 
“PPOL “PPOL 
‘SLASSV “SHILITIAVIT 


‘Sr6l “UMAWHOUC ISI¢ ‘LHHHS AONVIVA 
‘GNOW HZTdd SWVITTIM FHL 


STATEMENT OF ACCOUNTS FOR 1945. 31P 


THE IRON AND STEEL INSTITUTE. 


SCHEDULE OF INVESTMENTS AT 3lst DECEMBER, 1945, 
SHOWING NOMINAL VALUES, COST VALUES AND PRESENT MARKET VALUES. 


Market Value, 


Nominal 31st December, 
Value. Nature of Security. 1945, Cost Value. 
GENERAL FUNDS OF THE INSTITUTE. 
he EG £ £ 
2107 47 *0 34% War Stock ... wes aS ats aes ane aa es sia wi ea ae zea 2,232 2,161 
1,324 7 4 384% Conversion Loan _... Ree uae ae sae ae en oP Aap Se 1,333 1,254 
447 0 0 Southern Railway 4% Debenture ‘Stock aoe wen wes aes was nea 472 449 
1,872 0 0 London LA Norte Eastern Railway 4% 2nd Guaranteed Stock ae mas 55 +e Nee oe 1,722 2,150 
2,241 0 0 do. 4% 1st do. nie ne aes ae ies ae 2,196 2,432 
2,649 4 0 23% Consolidated Stock . ar Pe a we hae a2 2,417 1,800 
1,500 0 0 Buenos Ayres Great Southern Railway 4%, Debenture Stock “a Pe mee es as Por, 915 1,595 
2.954 “1 0 4% Consolidated Stock BS ee ee ar ae aoe bee 8,276 3,176 
437 0 0 London & North Eastern Railway 8% Debenture Stock ae ae ae on oes wae 3 380 376 
12,242 19 3 % Funding Loan, 1960/90 eae oe ize on Ae eo aoe aes 13,804 9,512 
2,000 0 0 3% Defence Bonds (Post Office Register) Ges aa aa xy Poe ae a = Ses 2,000 . 
2,000 0 0 3% Savings Bonds, peeaiee ; 2 aes rer oak ses ee cee a , 2,040 2,000 
000 0 0 Do. 60/70 aes ae wee aie ae Se ue sec st a ae 2,025 2,000 
1,500 0 0 Do. igesive ae ore eae ake oe — ete Ac ae are eae 1,526 1,500 
£36,338 £32,405 
LIFE COMPOSITION FUND. 
587 13 10 34% STERTOMTHED Genge 9 Ay cee) cea ea 623 518 
493 4 4 3% Local Loans ... a ves see eae ea een ee 481 467 
1,330 0 0 London & North Eastern “Railway 8% Debenture Stock aes aC ive Seve ap wok See Per, 1,157 1,255 
694 0 0 London Passenger eet cece 48% se “ “s a Pe Dey ee oo re. ae we 714 638 
205 15 6 34% War Stock ... cee ate kee ave we Rad ae 212 212 
681 13 0 4% Funding Loan ee coe wea ie “Ss wei ae at eee, a5 nee on 769 600 
£3,956 £3,685 
ANDREW CARNEGIE RESEARCH FUND. 
(Trustees: Sir Wm. Larke, K.B.E.; The Hon. R. G. Lyttelton.) 
6,897 14 11 34% War Stock ... oon oe oe oo nae Eas aoe see wes aay Ado ase 7,122 6,896 
0 0 Do. 535 as ea wee Bes aay me oe a ave as nee 826 794 
2,693 12 0 84% Conversion Loan... nes Rea ont aoe 3% ee sue wes a5 Ae aaa 2,855 2,007 
2,642 12 O 3% Local Loans ... 1a ee aan Gs 2,577 2,527 
2,250 0 0 North Eastern Electric Supply Company 34% ‘Consolidated Debenture Stock ase ae eee see 2,227 2,262 
1,500 0 0 Great Western Railway 4% Debenture Stock ne owe _ ies ae 1,612 1,204 
2,000 0 0 London, Midland & Scottish Railway 4% Debenture Stock _ = aw a ous Hc ee 2,060 1,693 
1,312 0 0 London & North Eastern Railway 4% 1st Guaranteed Stock ee say a a Fee eee 1,286] 881 
5,000 0 0 Do. ae 4% Debenture Stock one =e = aoe Sc ne a5 5,150 3,540 
6,000 0 0 Do. 8% i aes san = ao ae ate oh ae 5,220 8,545 
1,000 0 0 8% Savings Bonds, 1055/65 ec ne ROMER Be Rea Pe ee te ee ee we ce 1,020 1,000 
2,250 0 0 Do. 60/70 S a ee ay He te os Stee ee ne 2,278 2,250 
CMSUEY PAGE 24% Consolidated stock = Be ao a aes ae “e ios S38 se sxe 2,567 2,339 
1,250 0 0 8% Defence Bonds see ome ae oer aaa aa not ane oe oe Con 1,250 1,250 
£38,050 £32,188 
WILLIAMS PRIZE FUND. 
(Trustees: Sir Wm. Larke, K.B.E.; The Hon. R. G. Lyttelton ) 
3,452 15 7 34% Conversion Loan ... as nad ais An ae aes an AS oes E oon £3,660 £2,670 
BESSEMER MEDAL FUND. 
(Trustees: Sir Francis Samuelson; Desmond Lysaght; The Hon. R. G. Lyttelton; N. H. Rollason.) 
400 0 0 London, Midland & Scottish Railway 4% Debenture Stock op cot aoe ca a sh £412 = 
< == =e 
HADFIELD LEGACY. 
267 11 2 3% Savings Bonds, 1955/65 on aoe aa 5 ane =n ach: 5) eas eae on £273 £268 


‘igned) LYTTELTON. (Signed) K. HEADLAM-MORLEY. 
G ee Hon Treasurer. Secretary. 


have examined the forego Balance Sheets and Income and Expenditure Accounts with the Books and Vouchers of the Institute and 
Beare ine te be correct. eee haveraun verified the balances at the Bankers and the Securities for the Investments shown above. 


(Signed) W. B. KxEN & Co. 
at coon i Chartered ‘Accountants, 
28th February, 1946. 
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PRESIDENTIAL ADDRESS. 


SCIENCE AND THE STEEL INDUSTRY. 
By C. H. DESCH, F.R.S. 


THE past eventful year, marking as we hope the 
close of one era in human history and the inau- 
guration of another, has been significant both for 
the iron and steel industry and for this Institute. 
Although the normal conditions of industry in 
time of peace are far from having been restored, 
the urgent necessity of providing, often at very 
short notice and under severe handicaps, the great 
variety of products demanded by war on a colossal 
scale has passed, and our thoughts are turned 
towards the resumption of normal production for 
civilian use. In some branches of the industry 
the changes required involve little disturbance ; 
in others a complete transformation.. Each under- 
taking has its own problems to solve, and all are 
affected by such factors as the rising cost of fuel, 
but it is at least possible to assume that there will 
for long be no falling-off in the total demand for 
steel. How the means of satisfying that demand 
will be distributed it is too early to say. The task 
of replacement alone, after the widespread and 
utterly unprecedented destruction of the war, is 
vast and immediate. Bridges, buildings, and all 
forms of transport throughout Europe and in 
many regions of the Kast have been deliberately 
destroyed and can now at most yield a supply of 
scrap, incidentally setting new problems for the 
producer of steel. Continental works, owing to 
destruction and damage and also to the restrictions 
to be imposed on Germany by the Allies for mili- 
tary reasons, will be unable to cope with the 
demand, and increased calls will be made on our- 
selves and on those Allies whose productive 
capacity remains intact or has even been greatly 
expanded. The future of such an industry as 
ours will inevitably depend on the wisdom of 
statesmen in making such economic arrangements 
as will best enable each producing country to 
make its fullest contribution to the rebuilding of 
a shattered world, even should it prove necessary 
for some of these countries to forego advantages 
which they enjoy at the moment and which they 
may feel sorely tempted to retain. The inter- 
national organizations which have been set up 
and are now active have many anxious problems 
to solve, and those concerned with the economic 
factors are among the most difficult. The feeling 
of optimism with which the League of Nations was 
greeted has gone, but the desperate necessity of 
agreement between nations has been forced upon 
‘ 1946—i 


the attention of the whole world, and in spite of 
international jealousies and suspicions a real effort 
is being made to reach solutions of the problems 
resulting, not only from two world wars, but from 
the maladjustments which were among the causes 
leading to those wars. 

In our own country, apart from the extensive 
and sometimes difficult work of reconversion from 
production for war to normal conditions, much 
modernization of plant, and that on a very large 
scale, will be needed if we are to reach the standard 
of efficiency that modern engineering and technical 
knowledge has made possible. It was in this 
country that the Industrial Revolution first took 
place in the eighteenth century ; it was here that 
iron and steel works were put into operation and 
industrial towns grew up while the Continent and 
America were still in the agricultural stage ; it was 
here that new processes—the production of 
crucible steel, rolling by grooved rolls, puddling, 
the use of hot blast, the Bessemer and open- 
hearth steel processes, and basic working—were 
invented and applied. It was here, too, that the 
scientific foundations of steel metallurgy were laid 
by Lowthian Bell, Sorby, and many others. With 
this history of leadership, and remembering that 
for long the British iron and steel industry had no 
major competitors, it is not surprising that some 
plants, surviving from those times of early 
prosperity, should now need reconstruction, and 
the planned replacement of plant which falls short 
of the high standard of efficiency set by the best 
of the establishments under scientific control is 
one of the immediate tasks. Fully integrated 
plants, working on a large scale and handling 
their materials from the mine to the finished 
product, have shown their advantages, and in 
spite of the enormously high capital costs it is 
certain that they will constitute a very large 
proportion of the industry. But the small 
specialized works, employing highly skilled men 
on some important product of which the total 
tonnage is small, still has a place in the national — 
economy, and to the student of industry the study 
of these relatively small undertakings, making 
products ranging from razors to gramophone 
needles and from permanent magnets for radio 
apparatus to engravers’ tools, depending for their 
existence largely on a traditional standard of 
craftsmanship, has a fascination of its own, and 
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the importance of such small industries is out of 
proportion to their size. 

In the larger metallurgical operations instru- 
mental and even automatic controls are in- 
creasingly used, with the inevitable result of 
demanding less in the way of individual skill but 
also far less in the way of exhausting labour, often 
injurious to health. Conditions of labour leading 
to such dreadful occupational diseases as the 
Sheffield “ grinders’ rot’ have been eliminated 
by the development of mechanical methods. The 
tendency of improvements in plant and _ pro- 
cesses is to lighten the burden on the individual 
worker and to increase his opportunities for cul- 
ture and recreation, a change which should more 
than compensate for some loss of that traditional 
knack which had for so long to take the place of a 
scientific understanding of processes. 

This consideration brings me to the main subject 
of my address: The services that science can 
render to the industry. There is no need to dwell 
on the importance of those services before such an 
audience as this. An examination of the 152 
volumes of our Journal will. show how great has 
been the share of this Institute in the evolution 
from an empirical to a highly scientific industry. 
I will speak only of recent events. The past 
year has seen the formation of the British Iron and 
Steel Research Association, framed on the lines of 
other research associations formed in accordance 
with the schemes of the Department of Scientific 
and Industrial Research. It is worth while to 
recall the share of this Institute in initiating 
co-operative research in the iron and _ steel 
industries. 

It was during the first world war that the 
need of organized research work in metallurgy 
became obvious. After committees appointed 
by the government to consider ferrous and non- 
ferrous metallurgy respectively had reported on 
that need, this Institute took action and estab- 
lished five committees which reported on the 
state of knowledge then existing. Four of these 
proceeded no further, but “No. 5 Committee,” 
with its label ‘“‘ Metallography, Physics, and 
Chemistry,’ was more ambitious, Dr. Stead and 
Dr. Rosenhain being particularly active. The 
first task of the Committee was a thorough over- 
haul of the methods for the analysis of iron and 
steel, and with the co-operation of a number of 
firms and of the National Physical Laboratory, 
standard steels were prepared which could be. 
supplied with guaranteed analysis, so that works 
chemists could use the samples to check their 
own analytical results. The correspondence and 
interchange of samples and analyses which this 
involved did much to improve analytical practice 
in iron and steel works. However, a main 
difficulty in the way of obtaining uniformity was 
the variation in composition between different 
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parts of the same ingot, this heterogeneity largely 
persisting after the ingot had been rolled into 
billets or plates. The emphasis on the several 
tasks of the Committee therefore underwent a 
change, and what had previously been a sub- 
committee now, under the name of the “ Com- 
mittee on the Heterogeneity of Steel Ingots ”’ 
entered on a new career of activity. When the 
Tron and Steel Industrial Research Council was 
formed in 1929 that Committee became a joint 
responsibility of the Institute and of the Research 
Council. Its Chairman was the late Dr. Hatfield, 
and its activities owed much to his energy and 
enthusiasm. The same may be said of the Alloy 
Steels Research Committee and the Corrosion 
Committee, of both of which he was Chairman. 
The joint organization worked well. Any ex- 
cessive rigidity of structure was avoided. The 
discussions were delightfully informal, and with 
the numerous sub-committees dealing with such 
specific questions as the improvement of methods 
of analysis, the prevention of hair-line cracks, 
the effect of inclusions on resistance to fatigue, 
&c., together with the active co-operation of the 
principal steelmaking firms, much valuable work 
was done. I would particularly mention the study 
of methods for determining the temperature of 
liquid steel and of estimating the oxygen in steel. 
With the valuable help of the National Physical 
Laboratory, as well as that of the industrial re- 
search laboratories, investigation of these particular 
problems was advanced beyond anything hitherto 
accomplished in this country or abroad. Makers 
of scientific instruments collaborated, and means 
for recording the true temperature of molten steel 
without any correction for emissivity were devised, 
only a very brief immersion of a sensitive thermo- 
couple being needed. Such measurements have 
now become the common practice in most of the 
leading works. 

The fourth of the Joint Research Committees 
dealt with steel castings. In addition to these 
Committees others were set up to cover particular 
aspects of the industry, dealing with blast-furnace, 
open-hearth, fuel-economy, gas-producer, and 
rolling-mill practice. Two series of larger meet- 
ings, the Blast-Furnace and the Open-Hearth 
Conferences, have been conspicuously successful 
in bringing together most of the men actually in 
charge of those departments, and being entirely 
private they have led to the full and frank dis- 
cussion of the many problems associated with those 
sections of the industry. The new organization 
has the means of initiating and supporting 
research work under all of these heads, and much | 
will be expected of it. 

I must not leave the subject of the Research 
Committees without a tribute to Dr. Hatfield and 
Dr. Swinden for their share in fostering the 
organization in its early stages, in securing the 
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willing co-operation of so many industrial firms 
and academic departments, and in placing at the 
disposal of the several Committees their own wide 
experience of the industry. Without their help 
progress would have been far less rapid. Their 
comparatively early deaths, like that of one of 
our ablest investigators of corrosion, Dr. Ben- 
gough, must be attributed to the additional 
strain which they bore during the war years. 
Those of us who were in contact with them during 
that time know that their services to the country, 
although almost unknown to the general public, 
were invaluable, and among metallurgists their 
names will long be remembered. 

From the much larger resources and the highly 
organized structure of the new Research Associa- 
tion we may expect a marked acceleration in the 
programme of research, with benefit to the 
industry generally, under the guidance of its 
distinguished Director, Sir Charles Goodeve, who 
comes with a high reputation gained in the war 
work of the Admiralty. Although some investi- 
gations hitherto undertaken mainly by the Insti- 
tute will pass to the control of the Association, 
the relations between the two bodies are and will 
remain exceedingly intimate, their mutual help 
being essential to success. 

However complete the planning of an organiza- 
tion for applying science to an industry may be, 
the results obtained depend in the last resort upon 
the quality of the individuals engaged in the work 
of research. Panels and committees have their 
uses : They suggest problems; they bring about 
collaboration between industrial undertakings and 
national and educational establishments; and the 
interchange of ideas in the course of their dis- 
cussions is often a most valuable stimulus to 
research, but in general it may be said that com- 
mittees do not make discoveries—that is the doing 
of individuals. A suggestion once having been 
made, a committee can assist most materially in 
providing means for investigating its value and 
in bringing the experience of many undertakings 
into a common pool, so that the final results are 
quite legitimately presented as a co-operative 
achievement. In this way the committees working 
under the Iron and Steel Industrial Research 
Council have rendered most valuable services. 

An organization for research depends for its 
success on the quality of the investigators whose 
services it can command. Moreover, success in 
applying the results of research to industrial 
practice depends on the capacity of departmental 
managers and others—not excepting chairmen 
and managing directors—for appreciating and 
estimating at their true value the conclusions 
presented to them by the research workers. 
Hence the importance of the subject of the supply 
of trained metallurgists. It must be frankly 
confessed that in this respect the present situation 
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in this country is disquieting. The supply of men 
with the requisite training and with the ability to 
take positions of responsibility is insufficient. 
The industry can, with great advantage to itself, 
absorb more men with the scientific habit of mind, 
capable of appreciating an industrial problem and 
of discerning the direction in which a solution is 
to be sought. They may be required for research ~ 
work or for the control of operations on the plant, 
and there is no doubt that some men are better 
suited by temperament and inclination for the one 
function and some for the other, but the proper 
bent may not always be discerned until after a 
certain period of both laboratory and works 
experience. JI have spoken of the past record 
of discovery and invention in the iron and 
steel industries of this country, and it is for us to 
do our best to enable that record to be continued. 
The Institute has had this question under active 
consideration during the past year, and you have 
seen some account of what has been done and 
planned in the Annual Report. The insufficient 
entry into the metallurgical schools of our uni- 
versities is due in large part to the lack of know- 
ledge on the part of the public of what metallurgy 
involves. It is the ambition of many boys, even 
from an early age, to become engineers, and they 
are able, by model-making and other activities, to 
acquire such a facility in some branch of engi- 
neering—such as radio transmission—as to be 
able, when the time comes, to enter on a course of 
training with some understanding of its character 
and possible outcome. There is at present no 
such approach to metallurgy, and unless a boy is 
immersed in a metallurgical environment through 
living, let us say, in Sheffield, he is unlikely to 
show a bias in favour of a metallurgical training. 
The Institute has taken active steps to remedy 
this state of affairs and to attract to the metal- 
lurgical profession pupils of capacity as high as 
that of entrants to any of the learned professions. 
I do not suggest that such pupils do not choose 
metallurgy at present, but only that too few do so. 
In my boyhood there was an excellent book, 
Pepper’s “ Playbook of Metals,” which even then 
had passed through many editions and must have 
influenced many boys. The late Sir Robert Had- 
field acknowledged his own indebtedness to it and 
distributed many copies to schoolboys. It is, of 
course, quite out of date to-day, but the Institute 
has undertaken to prepare publications serving 
the same purpose, making a popular appeal to 
boys and also giving to schoolmasters a survey 
of the openings afforded by this, one of the largest 
and most essential of all our industries. This work 
of propaganda, in the best sense, should bear fruit 
within a few years. 

It has been felt that the means of obtaining a 
qualification in metallurgy, other than by gradua- 
ting from a university, are insufficient. Steps 
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have therefore been taken to establish, with the 
co-operation of the Board of Education, National 
Certificates in the subject, and this scheme should 
give great encouragement to classes in those 
technical schools throughout the country in which 
metallurgy is taught. The Institution of Metal- 
lurgists has been formed with the object of 
certifying the qualifications, both educational and 
practical, of the members of metallurgical staffs. 
By such means as these it is hoped to encourage 
the entry of increased numbers of suitable candi- 
dates into courses of training for the industry. 
In spite of some important differences, the situa- 
tion of the non-ferrous metallurgical industries is 
very similar to our own, and the Institute of Metals 
and the Institution of Mining and Metallurgy are, 
in various ways, associated with us in these 
educational efforts. 

A Joint Committee on Metallurgical Education, 
of which I have the honour to be Chairman, has 
been formed by the bodies mentioned, together 
with the Institute of British Foundrymen. Im- 
pressed by the crying need for a larger number of 
trained metallurgists, the Department of Scientific 
and Industrial Research conducted an enquiry 
under the chairmanship of Dr. McCance, which 
arrived at a number of important conclusions. 
These have been discussed with professors of 
metallurgy, and as a result of these steps we may 
look forward to an alleviation before long of what 
is undoubtedly a serious situation. 

The provision of scientifically highly trained 
men will continue to be in the main, as it has been 
in the past, the function of the universities and of 
the larger technical colleges associated with them. 
All metallurgical processes, from the preparation 
of the ore to the conversion of a metal or alloy 
into cast, rolled, or forged products, are applica- 
tions of physical and chemical principles, and an 
understanding of those processes must be based 
on a sound knowledge of physics and chemistry. 
Early specialization, although it may furnish 
skilled operators of known processes, must fail to 
produce students with the breadth of knowledge 
and elasticity of mind that will be called for in 
order that we may not merely maintain our present 
standards but greatly surpass them. In the 
hard economic conditions which must prevail in 
the world for years to come, the best talent 
available must be secured and so trained as to be 
able to take advantage of new knowledge, arising 
perhaps in quite different fields. A good general 
education must form the basis of a scientific 
training. Within my own lifetime, mainly through 
the influence of the competitive scholarship 
system, over-specialization has become common 
even in schools, and it is a fallacy to suppose that 
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the lack of breadth can be compensated for by a 
more intensive study of a small field. What is 
true of schools is also true of universities, where a 
tendency to narrow the field of study for honours 
students has become only too obvious. I com- 
mend an examination of the report * of a committee 
of the British Association on this question. We 
have even heard proposals for a one-subject 
university, especially for aeronautics, although 
such a university is a contradiction in terms. 
Science and industry both need educated men in 
the fullest sense of the word, and the lack of them 
cannot be compensated for by the provision of 
highly finished experts who know everything 
within a very limited range but are almost illiterate 
outside it. The progress of science, pure and 
applied, needs the fertilizing effect of contacts 
with other studies, now more than ever before. 
We have therefore to guard against the ousting of 
humanistic studies from college courses by the 
increasing growth of the demands on scientific 
knowledge made by enthusiastic advocates of 
science. It may be urged with reason that many 
of our university and college courses in scientific 
subjects include too much detail, so that there is a 
real risk of the student becoming unable to see 
the wood for the trees. The better the principles 
of a science are taught the greater are the oppor- 
tunities for the student to acquire his knowledge 
of details later, and the fresher is his mind when 
he enters industry and has to learn the mass. of 
facts essential to his work, which facts he would 
have found wearisome had they been forced upon 
his attention during his student career. I am not 
pleading for a superficial training—far from it— 
but I am convinced that the better the teacher 
the less need he has to overload his students with 
masses of data in order to illustrate those prin- 
ciples which they are to apply in their industrial 
career. I have elsewhere + referred to the fact 
that the finest ideal scheme of general education 
that I have seen is proposed by a humanist, who, 
nevertheless, gives the greatest place to science, 
not as a single specialism, but as a foundation so 
solid as to bear any specialized superstructure 
that may be erected upon it. Such an ideal educa- 
tion is only for the best brains, but it is precisely 
the best brains that will be needed for the recon- 
struction of industry and of society in a shattered 
world. We have to see that a proportion of the 
ablest men available adopt metallurgy as a career, 
for on the progress and efficiency of the metal- 
lurgical industries depends the progress of 
most other industries in this machine age. There 
are problems of the supply of raw materials, 
of economies in the use of those materials 
which are becoming scarce, of the development 
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of new products, of the best utilization of labour, 
of distribution and of economic relations, enough 
to call for the help of the best men we can obtain. 

So far I have spoken of men entering industry, 
but it must be remembered that the quality of the 
trained men depends in great measure upon the 
quality of the teachers under whom they studied. 
I think that all who are connected with the 
metallurgical departments of the universities and 
larger technical colleges will agree that it has been 
difficult of late to obtain suitable recruits to their 
staffs. It is essential that there should be a supply 
of capable young men willing to adopt an academic 
career even at the sacrifice of prospects in industry 
which may seen more glittering in perspective ; 
young men able to take the place of their seniors 
when the time comes for them to retire and in the 
meantime to introduce into their teaching new 
ideas which they will have acquired from contact 
with workers in allied subjects. In considering 
education for industry this is a factor which must 
not be overlooked. 

Metallurgy is not a fundamental science. In 
so far as it is a science at all, it consists in the study 
of physics and chemistry as applied to the special 
class of metallic substances. It existed as an art 
thousands of years before it was furnished with a 
scientific basis, and in some branches the skill of 
the experienced manual worker still counts for 
much, But the days when fuel economy and 
speed of production were not vital have passed, 
and scientific knowledge becomes more and more 
essential to production. We increasingly make 
use of refined methods of control, often depending 
on physical phenomena unknown at the beginning 
of the century. 

Photo-electric cells, valve amplifiers, cathode- 
ray oscillographs, appliances for generating and 
receiving’ supersonic waves, spectrographs for 
both emission and absorption spectra, magnetic 
permeameters, X-ray apparatus for inspection 


and for crystal analysis, are all now familiar objects — 


in many steelworks. It will not be long before 
the electron microscope takes its place beside the 
optical microscope, which has for eighty years 
rendered invaluable service. The trained metal- 
lurgist of to-day must be acquainted with a wide 
range of physical methods of measurement. Nor 
must the chemical side be forgotten, although of 
late it has tended to be overshadowed by the 
sensational advance of modern physics. We are 
devoting more attention to the physical chemistry 
of the reactions between molten metal and slag, 
to accurate analytical methods for the estimation 
of alloy elements and impurities, and to the effects 
of different atmospheres on metals in the course of 
heat-treatment. The constitution of alloys has 
become increasingly the province of the physicist, 
but as a chemist I would urge that the chemical 
aspect should not be overlooked and that a point 
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of view derived from a previous training in chemis- 
try, even in organic chemistry, may not be without 
value. For this reason I would deprecate any 
attempt to. define too rigidly the qualifications of a 
metallurgist. Industrial establishments and re- 
search institutions should be free to recruit, as 
they have hitherto done, from students in allied 
fields of study such as physics, chemistry, and 
engineering ; such recruitment should be made in 
the confidence that the knowledge and mental 
attitude acquired in those fields will provide a 
fresh approach to the problems presented by the 
metal industries. Metallurgy is particularly suited 
to be a post-graduate subject, and the heads of 
metallurgical departments in universities and 
technical colleges will, I feel sure, agree that the 
presence of a few such individual recruits from 
other sciences, engaged in senior studies and 
research, provides a stimulus and encouragement 
to students following a more orthodox metal- 
lurgical training. 

I would add a note on the advantages of 
mobility in the course of scientific study. From 
medieval times onwards a period of foreign study 
was included in the education of scholars who had 
a real love of learning, and the tradition, which 
had never died out, became more general in the 
second half of the nineteenth century. Students 
of my own time who chose chemistry as a pro- 
fession—and the same was true in other sciences— 
strove to spend a year or more in some Continental 
university, most often German. Working in a 
foreign laboratory under some celebrated professor, 
learning his technique, listening to lectures and 
writing one’s notes in a new language, having 
perhaps the opportunity of visiting industrial 
plants, enjoying something of student life among 
companions as poor as oneself, all these were 
experiences of real value, and I feel that it is a 
misfortune that so few of the students of to-day 
enjoy those opportunities. The war of 1914-18 
not only broke the tradition of semesters spent in 
Germany, but largely destroyed the habit of study 
abroad. Costs have risen, and probably most 
students wishing to work in a foreign laboratory 
will need some help from scholarships. France, 
Sweden, and perhaps Holland may attract some 
of our post-graduate students, but no doubt many 
will wish to cross the Atlantic and gain knowledge 


_and inspiration in one or more of the finely 


equipped institutions in the United States. That 
involves much higher costs than the poor travelling 
scholar of the nineteenth century had to face, 
and the scholarships will for this reason have to 
be correspondingly more generous. It is there- 
fore most welcome news that the munificent scheme 
of The Mond Nickel Company for Fellowships 
contemplates that at any rate a large proportion 
of them should be awarded for foreign travel, 
leaving the recipient a very free choice of the 
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course of study in laboratories or works to be 
pursued and the places to be visited. Such an 
elastic scheme may have most valuable results. 

Not all senior students, however, will wish to go 
abroad. ‘There is much to be said for a period of 
post-graduate work in an institution other than 
the university in which the first degree was taken. 
When the degree of Doctor of Philosophy was 
instituted during the first world war its object 
was to attract to this country overseas students 
who would formerly have gone to Germany. I 
do not think that its authors originally contem- 
plated the award of the degree to our own students, 
but it soon became evident that they could not 
be excluded, and it is now the usual goal of a 
period of post-graduate study, resulting in the 
award of the title of Doctor without having to 
reach the much higher standard of the D.Sc. 
That the degree is so commonly taken as the result 
of continuing to work in the same laboratory as 
that in which the first degree was taken and under 
the same supervisors is to be regretted. The 
practice leads to an excessive mental inbreeding 
and consequent narrowness of outlook. I should 
like to see the regulations altered so that the Ph.D. 
degree should not, or should only in very special 
circumstances, be taken in the university or 
college in which the student first graduated. No 
doubt professors will part very reluctantly with 
their best students, but if their reputation as 
teachers and supervisors of research be high they 
will be receiving in return the best students 
trained by other professors, and the benefits will 
be mutual. Further, it should not be compulsory 
for a student wishing to undertake research work 
and to obtain a Ph.D. degree to spend his whole 
time in a university laboratory. Arrangements 
will certainly be made by which he can work in a 
national laboratory, in an establishment under a 
research association, or even in an industrial firm, 
provided that he is under a chief of known stand- 
ing, recognized as qualified to act as supervisor. 
Both the student and the organization in which 
he worked would benefit by such contacts. For 
the higher doctorates, of course, such extramural 
work is already recognized and is in fact usual. 

It is by no means necessary that every graduate 
seeking to qualify for industry should undertake 
research, although I believe that such a view is 
sometimes held. The desire to call oneself Doctor 
leads many young men, I am sure, to undertake 
work in which they are not greatly interested but 
which appears safe to provide them in two years 
with matter for a thesis, when they might be much 
more usefully and interestingly employed on a 
productive plant, gaining experience in the 
handling of machines and of men. We should not 
make a fetish of the doctorate. 

We have to see that existing knowledge is applied 
as fully as possible to our methods of production 
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and to meeting the continually increasing strin- 
gency of demands from users. Methods of testing, 
greatly improved in recent years, still call for 
further study if they are to yield data from which 
the user—I do not mean the actual customer, but 
the engineer or technician who has to plan the 
processes for manipulating the material—is to be 
able to make the best choice. In his desire to 
obtain the most suitable product the user is apt 
to say, like Angelo in Measure for Measure, “ Let 
there be some more test made of my metal,” and 
it is important that acceptance tests be simple 
and at the same time as indicative as possible of 
the true properties of the metal. Whilst deter- 
minations of electrical and magnetic properties 
give immediately the information required of 
them, mechanical tests are empirical and only 
partly or indirectly indicate the behaviour of the 
material in use. 

The question naturally arises: Can we make 
use of the deeper knowledge of the nature of 
metals and of the constitution of metallic systems 
which we now possess to predict the properties of a 
given metal, or to devise new alloys to give a 
desired combination of properties? I think that 
an affirmative answer can be given, although much 
remains to be done. It is stated that Taylor and 
White made more than 50,000 experiments before 
arriving at the best composition and heat-treat- 
ment for the high-speed tool steel which created a 
sensation at the Paris Exhibition of 1900, when 
for the first time a heavy lathe was seen running 
with the tip of the cutting tool at a red heat. The 
original Japanese (Mishima) steel for permanent 
magnets was evidently invented as the result of 
a very lengthy series of trials of alloys of varied 
composition, probably running into many thou- 
sands. Further progress in both classes of steels. 
has been made with less expenditure of labour and 
material through being based on a more systematic 
knowledge of constitution. Although magnetic 
theory is still imperfect in comparison with that of 
other branches of physics, it has made such 
progress that the latest compositions and heat- 
treatments of permanent-magnet steels, including 
cooling in a strong magnetic field, have given 
results far transcending those of the Japanese. 
workers, without the long and laborious process. . 
of trial and error. Work at’Cambridge and else- 


-where has revealed the constitution of these. 


complex steels and has provided useful guides to- 
composition and heat-treatment. 

For a long time further development of tool 
steels was on empirical lines, a little of first one. 
element and then another being added, rather on 
the principles of a cookery book, until improved 
properties were obtained. Now, largely owing to. 
use of the method of isothermal transformation 
(that is, of heating to a high temperature and then 
cooling to some temperature which is maintained 
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constant for a sufficient time, the process being 
repeated on other specimens at different tempera- 
tures) it has been possible to analyse the separate 
effects of various alloying elements on the rate of 
transformation on which hardening and softening 
depend. In the course of the war it was discovered 
that we had allowed ourselves an extravagant 
luxury in the number of different compositions of 
alloy steels for engineering use, and a drastic 
revision by the Technical Advisory Committee 
(which again owed so much to Dr. Hatfield) led to 
the number of specifications being reduced from 
3000 to 83, with resultant great economy of 
material and also of the clerical and administrative 
work involved in the selection of steel for a specific 
and probably urgent use. 

We need, however, to have much more sys- 
tematic knowledge of the specific influence of 
alloying elements, and for this we must start with 
iron of the highest attainable purity. I have 
urged strongly that this should form an important 
part of the work of the National Physical Labora- 
tory, as the institution best equipped for handling 
pure alloys at high temperatures and investigating 
their properties over the widest range. When we 
examine the influence of a given element in steel 
it is often found that the particular property 
studied varies regularly, often linearly, with the 
quantity added, so long as the metallographic 
constitution remains the same. However, even 
when the curve is linear, if extrapolated to reach 
pure iron it usually cuts the axis at a point different 
from that found when the purest iron, containing 
none of the element in question, is tested. This is 
still more evident when the cumulative effect of 
several alloying elements is examined. The con- 
clusion must be that the initial effect of small 
additions is out of all proportion greater than that 
of the same element in larger quantities. This 
can only mean that the small addition is not 
distributed evenly throughout the mass of the 
metal but is concentrated in thin films, probably 
at the grain boundaries. In studying properties 
of this kind one is inevitably impressed by the 
importance in metals of the narrow region inter- 
vening between the lattices of two crystal grains. 
Brittleness, creep under constant load at high 
temperatures, corrosion under stress, ageing after 
cold-working, are all affected in a marked degree 
by the properties of this elusive intercrystalline 
region. Its bulk is too small to be detected by 
X-rays and although some of its important 


properties are on such a scale as to be recognizable . 


under the highest powers of the microscope, it is 
not usually possible to prepare a surface by 
mechanical means which will preserve such minute 
detail. Much may be expected of the new 
technique, developed by Jacquet, of producing a 
perfect polish by electrolytic means without 
surface flow, and a combination of this method of 
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preparation and the use of the electron microscope 
with its high resolving power may, in the next few 
years, bring us most valuable information. This 
same technique should help us greatly in the study 
of mechanical deformation, on which research is 
now exceedingly active but which would lead me 
too far afield to discuss to-day. 

X-ray methods have furnished us with impor- 
tant fundamental information about metals. 
The sizes and arrangement of the atoms are known ; 
from such information it is possible to deduce 
which elements will take their place in the lattice 
of the solvent metal and which will be accommo- 
dated in the interstices, a matter of moment in 
determining the properties of an alloy. X-ray 
methods also indicate the limits of solid solu- 
bility, fixed mainly by geometrical considerations, 
and the work of Preston and Guinier has shown 
how the first segregation of foreign atoms occurs 
in the varied series of changes known as age- 
hardening. If metallic masses consisted of perfect 
crystals the problem of predicting their mechanical 
strength would not be difficult. However, they 
are not perfect. Single crystals have an internal 
mosaic structure, and it has been shown that the 
observed mechanical properties are governed by 
the presence of minute dislocations or flaws which 
can be displaced during a change of form. A 
knowledge of the space lattice and of the electrical 
condition of the metallic atoms therefore does not 
take us far towards predicting the cohesive pro- 
perties of a metal in mass, and we have to be 
content with empirical results, but this is a field 
in which progress is being made in both experi- 
ment and theory. 

The main practical object of researches of this 
kind is the attainment of higher quality in the 
products of manufacture, due regard being paid 
to economy in production. If we keep a careful 
record of every consignment of a certain product 
of a works (such as rolled strip), the composition 
and manufacturing procedure being kept as 
constant as is practicable, on plotting the values of 
a specific property, such as tensile strength or 
ductility, a frequency curve is obtained, which 
with normal working should approximate to a 
Gaussian probability curve. The bulk of the 
results will cluster about some mean value, but 
there will be some falling well below it and some 
well above. Good practice will be indicated by 
the small amount of spread on each side of the 
maximum. The fact that some points lie on the 
high side shows that with the materials and 
processes available it is possible to reach qualities: 
superior to the general run of the product. The 
reasons for failure to reach the average can often 
be found without difficulty—some irregularity in 
the working of a furnace, an accidental defect in a 
rolling mill, &c.—but the exceptionally high 
results are less easily explained and deserve inten- 
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sive study. The aim of scientific control in a 
works is not only to narrow the area of this 
probability curve, that is, to obtain a more uni- 
form product, but also to shift the maximum to 
higher values, that is, to improve the average 
value of the property considered. That the curve 
of selling prices may not correspond with that of 
metallurgical quality is a point of great interest 
to the commercial manager but should not unduly 
discourage the efforts of the scientific staff. 

What the economic future of the industry at 
home and abroad will be it is impossible at this 
critical time to predict. One thing is certain: 
There will be no room for inefficiency. If the 
manufacture of iron and steel in this country, 
with the high cost of coal and the necessity for 
importing so much of the raw materials, is to 
succeed, both the equipment and the direction of 
our works must be of first-class quality. No skill 
in finance can take the place of efficient technical 
direction, and we must look forward to trained 
metallurgists with the solid background of a good 
general education assuming an increasing share 
in the management of the great undertakings 
which will comprise the major part of the industry. 
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It is for this reason that I have dwelt on the subject 
of education. A very considerable number of 
new entrants to the metallurgical profession will 


be needed within the next few years, and that is 


why the Institute, in collaboration with other 
bodies having similar interests, is taking an active 
part in improving educational facilities. 

The main function of the Institute, however, is, 
that of collecting and making available knowledge 
of advances in the science and practice of iron and 
steel production by publishing original papers and 
abstracts of papers published elsewhere and by 
the provision of its excellent library and informa- 
tion services. The Institute has a record of 
seventy-seven years of valuable work, and in this 
first year of peace, albeit an uneasy one, we may 
look forward to an increased activity, worthy of 
the great industry with which it is associated and 
of those pioneers who laid, before that industry. 
had become world-wide, the foundations upon 
which it has been reared. There is no indication 
that the initiative and perseverance which these. 
founders exhibited have departed, and we may 
hope that these qualities will be no less manifest. 
in the period of reconstruction which lies before us, 
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A HEAT-FLOW METER FOR USE IN FURNACES.* 


By R. H. BAULK, M.Sc., anp M. W. THRING, M.A., F.Inst.P. (Tue British Coan UTiisaTion 
RESEARCH Association, Lonpon). 


(Fig. 9 = Plate 1.) 


SYNOPSIS. 


The first step towards improving the flow of heat to the charge in melting furnaces is to develop an. 
instrument that will measure the value of the heat flow at any point in the furnace under the varying conditions of 
operation. In particular, it was desired to be able to measure the heat transfer by radiation and convection. 
from the flame to the charge and to the furnace walls. 

The work on such an instrument has reached a stage where a practical research tool has been evolved and: 
used to compare the heating power of different flames, to examine the effect of flame thickness upon the heat: 
flow from the flame, and to compare the heat flow at different points along and across the flame. It has: 
shown, for example, that measurement of the downward heat flow below the flame at tts two ends gives a. 
valuable quantitative measure of the effective flame length ; in the case of very slow combustion the downward: 
heat flow at the outgoing end is greater than at the ingoung end. It has also been shown that the heat-absorbing: 
area of the surface of the charge is not very fully utilized either in the steel furnace or in the glass tank, the. 
former because the flame does not cover the whole area and the latter because the cold batch 1s not spread out.. 


List oF TERMS AND SYMBOLS. 


Cycle: The period between the instant at which the 
flame in a reversing furnace begins to travel in one 
direction and the instant at which it next begins to 
travel in that direction. ’ 

Half-Cycle: The period during which the flame 
travels solely in one direction. 

Reversal: The instant at which the direction of the 
flame is altered. 

Downward Heat Flow: The total heat transferred 
in the downward direction, as measured by the calori- 
meter facing upwards. 

Upward Heat Flow: The total heat transferred in 
the upward direction, as measured by the calorimeter 
facing downwards. 

Net Heat Transfer: The amount of heat absorbed 
by the charge (i.e., the difference between downward 
and upward heat flows). 

Incoming End of Flame: The end: of the flame 
nearest the port through which the gases enter the 
furnace. 

Outgoing End of Flame: The end of the flame 
nearest the port through which the gases leave the 
furnace. 

Side: That extremity of a cross-flame regenerative 
tank furnace along which the ports are built. 

End: The boundary of a steel furnace along which 
the ports are built. 

Left Side (of a cross-flame regenerative tank furnace) : 
The side on the left hand of an observer facing the 
furnace from the feed end.t 

Left End (of a steel furnace): The end on the left 
hand of an observer facing the furnace from the 
charging side.{ 

Flame LR(3): Denotes a flame travelling from the 
left-hand to the right-hand port with the heat-flow 
meter in No. 3 door. 


* Received October 2, 1945. 


Door Numbers: The doors of a steel furnace are. 
numbered from left to right. 

Batch: The mixture of ingredients from which glass; 
is made. 

Oharge or Stock: The materials heated in the bath, 
or hearth of the furnace. 

Slag: The layer formed above the steel by the lime. 
and other impurities extracted in the process of re-. 
fining the charge. 

Centigrade Heat Unit (C.H.U.): The amount of heat, 
required to raise the temperature of 1 lb. of water. 
through 1° C. (1:0 C.H.U. = 1-8 B.Th.U.). 


A = area of test-body, sq. ft. 

C = coefficient of convection heat-transfer from 
the gases to the charge (or test-body),. 
C.H.U./sq. ft./hr./°C. 

EH = absorptivity of receiving surface of teste. 
body. 
EH’ = absorptivity of charge. 
H = heat transfer, C.H.U./sq. ft./hr. 
H, = heat transfer by convection. 
H, = heat transfer by radiation. 
H,, H, = heat transfer from two diametrically- 
opposed hemispheres. 
H’ = net heat transfer to the charge. 
m = mass of test-body, lb. 
s = specific heat of unit mass. 
T = temperature of test-body, °K. (°C.. 
absolute). 


7T', = mean radiant temperature of surroundings,. 
°K 


T n> T'm, = mean radiant temperature of two dia-. 
metrically opposed hemispheres, °K. — 
T’ = temperature of charge, “K. 
t = temperature of test-body, °C. 
t, = gas temperature, °C. 
t’ = temperature of charge, °C. 


+ For Right Side and Right End similar definitions apply. 
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<~ = time, hr. 
o = Stefan’s constant (10-1 x 10° if H is in 
C.H.U./sq. ft./hr. and T is in °K.). 
Q = mean solid angle subtended at the receiv- 
ing surface by the hot surface. 
dT /d~ = rate of rise of temperature, °C./hr. 


I.— INTRODUCTION. 


Ir was formerly common practice to assess the 
performance of a furnace entirely in terms of its 
maximum possible output of serviceable fired 
material. More recently, however, the tendency 
has been to regard the thermal efficiency (or 
quantity of fuel consumed per unit of output) as 
an equally important criterion. The thermal 
efficiency of a furnace depends almost entirely 
upon two factors: (a) The fraction of the heat 
released by combustion which is lost by radiation 
through openings and by conduction through 
brickwork, and (6) the fraction of heat released by 
combustion which passes out of the heat-utilizing 
region as sensible heat in the products of 
combustion. 

As regards (a), the output and thermal efficiency 
go hand-in-hand, since an increase in the amount 
of material treated does not raise appreciably the 
actual heat losses from the furnace, and hence the 
heat loss per unit of material is thereby reduced. 
On the other hand, (b) increases with output 
because the greater the heat transfer required the 
greater must be the temperature difference between 
the gases and the charge. This is particularly 
important in high-temperature furnaces, where the 
flame temperature is not very much higher than 
the furnace temperature. Now if it were possible 
to increase the coefficient of heat transfer, the same 
amount of heat could be pumped into the charge 
with a smaller temperature difference. This co- 
efficient is, therefore, of the highest importance 
from the point of view of obtaining a good overall 
efficiency. 

Heat is transferred from the flame to the charge 
by radiation and convection. The heat-transfer 
coefficient thus corresponds to the sum of two 
effects. Improvements in the radiation heat- 
transfer with a given temperature-difference be- 
tween the flame and the charge can only be 
obtained by increasing the emissivity of the flame, 
since the furnace designer cannot control the 
adsorptivity of the charge. Improvements in 
convection can be effected by increasing the 
velocity at which the gases impinge on the charge. 

Convection is therefore largely limited by the 
erosion resistance of those refractories which serve 
to maintain the requisite velocities. Hence the 
greatest improvement in furnace firing will 
probably arise from the discovery of new methods 
of increasing flame radiation. 

The development of an instrument for measuring 
flame radiation is the first step towards the in- 


“ 


vestigation of methods for increasing it. Such an 
instrument would enable an assessment to be made 
of the effects on the radiating power of the flame of : 
(a) The water vapour and carbon dioxide content, 
(b) delayed combustion (which gives rise to soot 
formation), and (c) the addition of hydrocarbons. 
It is virtually impossible to predict the effect of 
these factors with any accuracy by calculation, 
both because of the large number of variables 
and because many simplifying assumptions have 
to be made before mathematical calculation is 
possible. On the other hand, it appears probable 
that interesting effects would be observed if a 
furnace were operated so that only one variable at 
a time was changed, provided that an experimental 
technique were available for direct measurement 
of the heat-transfer coefficients. 

Now the process of heat transfer by radiation is 
essentially dynamic, 7.e., even when two bodies 
are at the same temperature they will exchange 
heat at a rapid rate. Consequently, when two 
radiators, such as the furnace flame and the 
charge, are at different temperatures a single 
measurement of the net heat flowing from one 
to the other does not tell the whole story. Thus a 
certain net radiation may correspond to a charge 
at 1400° C. and a flame at 1600° C., to a charge 
at 1600° C. and a flame at 1750° C., or to a more 
highly reflecting charge at 1400° C. and a flame at 
1750°C. For this reason it is useful to measure the 
heat flowing upwards by radiation from the charge 
and that flowing downwards to the charge 
separately and to obtain the difference by sub- 
traction. A further advantage of an instrument 
which can read the upward and downward 
radiations separately is that it can be used 
also between the crown and the flame so as to give 
the total heat radiated back into the furnace by 
the crown as well as the net heat flowing into the 
crown. 

The heat transfer over the hearth. area of a 
furnace should vary as little as possible, and an 
instrument exploring this variation would be 
invaluable in designing a furnace so as to make the 
best use of the available heat. In particular, if it 
could be used in conjunction with a furnace in 
which all the steelmaking variables were kept 
constant, the effect of variations of heating power 
upon output could readily be found. 

These and similar considerations led the authors 
to the conclusion that they could render con- 
siderable service to the furnace-building and 
furnace-using industries by developing a suitable 
heat-flow meter. Since, as has been indicated, 
radiation is of greater importance than convection 
in high-temperature furnaces, it was decided to 
concentrate first on an instrument which would 
indicate the radiation upwards and downwards 
without taking account of effects due to convection. 


Although these effects may be an appreciable 
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fraction of the transfer they are unlikely to upset 
any broad conclusions drawn from the work. 

The value of the heat-flow meter has been 
recognized by a number of earlier workers in this 
field. The instruments used and the results are 
described in the next section. 


IT.— MEASUREMENT OF Heat Frtow In Four- 
waces: A Survey or Harner Work. 


What was probably the first attempt to devise 
an industrial heat-flow meter was made in 1927 by 
the Russian scientist Kirpitchev. All that is 
known of his work has been derived from a later 
Russian paper. He apparently used a “ cylin- 
drical thermal probe”? and did most of his work 
in boiler furnaces. His instrument took no 
account of the direction of heat flow. 

In 1932 Hase? constructed an instrument 
(Fig. 1) consisting of a copper sphere, 8 cm. in dia., 
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Fig. 1.—Hiase’s Heat-Flow Meter.? 


with a thermocouple located at the centre. By 
means of a movable arm this sphere could be 
placed in any desired part of the furnace. The 
procedure was to measure the time taken for the 
temperature at the centre of the sphere to rise 
from 300° to 400° C. 

Hase found experimentally that the total heat 
required to raise the temperature of the sphere over 
this range was approximately independent of the 
rate of heat input to the sphere. Hence the heat 
transfer Q is given by a formula of the type 
Q = 81,000/t kg. cal./hr., where ¢ is the time taken 
for the temperature of the centre of the sphere to 
rise from 300° to 400° C. 

By measuring the difference in visibility of 
polished and blackened surfaces, Stoffregen * 
attempted to ascertain the degree to which a 
furnace could be regarded as a black body. 
Although the furnace had a large temperature 
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gradient along its whole length, it was shown that 
each cross-section could be taken as a black body 
without producing great error, provided that no 
body in the vicinity was heated by the gas to a 
temperature much greater than that of the walls. 
Stoffregen also used Hase’s total heat-flow meter to 
examine the variation of heat transfer across the 
width of the furnace. 

Croft and Schmarje® described a “steady- 
state’ heat-flow meter in 1935. It consisted 
essentially of a calorimeter (Fig. 2), cylindrical in 
form and 1-6 in. in dia., with a fused quartz window. 
Water, at a rate of flow of 30-35 |b./hr., 
was used both to cool the calorimeter and to serve 
as the calorimetric fluid. The rise in temperature 
of the water was measured by means of a copper— 
Constantan thermocouple. The calorimeter was 
surrounded by two independent water-cooled 
chambers and separated from them by the air 
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Fic. 2.—First Heat-Flow Meter of Croft and 
Schmarje.® 


space. The instrument was calibrated by com- . 
parison with a true black-body absorber. With 
this instrument Croft and Schmarje were able to 
show that the Hudson-Orrok* formula was 
applicable to a furnace in which a considerable 
proportion of the water-cooled surfaces were slag- 
covered, and that the Wohlenberg > formula was 
correct for clean surfaces. They also derived a 
tentative formula taking into account the dirtiness 
of the surface. 

In the following year (1936), Croft and Schmarje 
published an addendum to their previous paper, 
in which they described a means for separating the 
heat transfer by radiation from that due to con-. 
vection ® (Fig. 3). They minimized the effect of 
the latter by surrounding the calorimeter with a 
screen of high-velocity air. This enabled them to 
modify their original tentative equation and also 
to derive a formula for deducing the convection 
and radiation transfers separately. 
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In 1936, Hottel, Meyer, and Stewart ’ discussed 
the significance of temperature measurements in 
industrial furnaces. They also described a 
“ thermometric ’’ heat-flow meter (Fig. 4). This 
consisted of a pair of thermocouples attached to 
thin metal discs, mounted on either side of, and 
flush with, the surface of a slab of kaolin brick. 
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Fig. 3.—Second Heat-Flow Meter of Croft and 
Schmarje.® 


The instrument was calibrated in front of a vertical 
hotplate. The principle of the instrument is that 
if the metal plates are thermally black, when 
equilibrium is reached they radiate as much heat 
to their surroundings as they receive, and hence 
the intensity of radiation is proportional to the 
fourth power of the absolute temperature of the 
discsfas measured by the thermocouples. 


we 2 


Fic. 4.—Hottel, Meyer, and Stewart’s Heat-Flow 
Meter.’ 


which were employed in boiler furnaces. The 
first (Fig. 5) was a steady-state instrument which 
consisted simply of a water-cooled calorimeter 
(A) supported by a water-cooled arm (B) from 
which it was thermally insulated. The rise in 
temperature of the water was measured by 


thermometers (C) placed in the water stream (D). 
It was found that an excessive time was required 
for taking readings with this instrument, and 
Styrikowitsch apparently made no use of it, 
except as a means of calibrating his second 
instrument (Fig. 6). This was similar in principle 
to that of Hottel, except that it was mounted on a 
water-cooled arm and the element facing the crown 
was given only a limited angle of vision. Since 
the instrument was calibrated, and the cooling 


Fie. 5.—Styrikowitsch’s First Heat-Flow Meter.® 


conditions were maintained constant, the loss to 
the main arm did not affect the accuracy of the 
readings. 

Styrikowitsch showed that instruments which 
focus radiation on to a thermocouple, such as 
Féry pyrometers or ardometers, provided that 
they have a fluorite optical system, can be used for 
measuring the intensity of flame radiation under 
various conditions but not the net heat transfer to 
a given surface in the furnace. He carried out a 
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Section A-A 
Fic. 6.—Styrikowitsch’s Second Heat-Flow Meter.® 


Section 8-8 


number of experiments to determine the distribu- 
tion of radiation from flames in boiler furnaces, and 
produced a series of pictures illustrating this dis- 


_ tribution in the plane of the water wall. Styriko- 
Styrikowitsch § described two heat-flow meters 


witsch found that the oil components of high 
molecular weight produced a large quantity of 
soot, and hence gave a blacker flame than is 
obtained when natural gas is burnt. The blacker 
oil-flame produces a sharper radiation-intensity 
gradient than the natural gas; the latter gives a 
very even intensity distribution. 
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The most recent paper in this field was published 
in 1939 by the Russian, Kazantsev.2 He de- 
veloped what he calls a “disc thermal probe” (Fig. 
7), which consists of a cylinder of heat-resisting 
steel open at one end, within which is a core of 
electrolytic copper, the exposed surface of which is 
serrated and coated with uranium oxide to produce 
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Fic. 7.—Kazantsev’s Heat-Flow Meter.® 


a thermally black surface. The height of this 
core depends on the furnace temperature; a core 
for use at 1600° C. is 40 mm. high, and at 1300° C. 
is only 20 mm. high. Between the core and the 
steel cylinder, and separated from them both by 
small air spaces, is a copper guard-ring to prevent 
heat leakage. The inter-radiation between the core, 
the ring, and the cylinder is minimized by nickel- 
plating all the necessary surfaces. In use, the 
procedure is to measure the time taken for the 
temperature of the copper—Constantan thermo- 
couple, at the base of the block, to rise from 100° 
to 200° C. The instrument thus received only 
directed radiation. 
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With this instrument Kazantsev was able to 
study in detail the effect which the method and 
rate of charging has upon the melting time. He 
also measured the effect these factors have upon 
the intensity of the boil and the rate of heating-up 
the molten steel. He suggested that the output 
of an open-hearth furnace could be increased by 
removing the resistance to flow in the flues, by 
flame control, and by heat insulation. This, as 
far as is known, is the only record of the use of a 
heat-flow meter in an open-hearth furnace. 

Particulars of the various types of heat-flow 
meters are collected at the foot of the page. 


IIlJ.—Tueroreticat Basis oF THE HEat- 
Frow METER. 


General. 


T'wo problems arise in the design and use of a 
heat-flow meter : (a) How to measure the amount 
of heat falling on the test-body when it is inserted 
to a specified point in a furnace, and (b) how to 
deduce from this value the total rate at which heat 
flows to the charge at that pomt. A problem of 
equal importance to the furnace designer is the 
calculation of the rate at which heat would flow to 
a body at any specified temperature if it were 
placed at that point. 

The general law governing both the heat 
received by the charge and the heat received by 
the test-body is: 

H = C(t, — t) + oB(T yt — T*)C.H.U./sq. ft./hr.* (1) 


Calculation of the Heat Transfer to the Thermometric 
Type of Instrument. 


In thermometric heat-flow meters what is 
actually measured is the temperature assumed by 
a body partially or wholly exposed to the heat. 
The heat received, H, is derived either from the final 
temperature taken up by the body or from the 
rate of rise of temperature. 

The final temperature attained by the body is 
calculated by substituting H = 0 in equation (1); 

Maz. Rate of Heat 


Absorption, 


C.H.U./sq. ft./hr. Remarks. 


Investigator. Type of Instrument, Conditions of Use. 
Kirpitchev Thermometric Boiler furnaces , 
Hase Spherical ball (no account oer Fig. 1. 
taken of direction), 
thermometric. ate 
Croft and Schmarje Thermometric. Used in wall of, and 31,700 Separated radiation from 
between tubes of, convection by means of an 
: boiler furnaces. air jet (Figs. 2 and 3). 
Hottel and others Thermometric, with two ae 10,000 Time per reading was exces- 
opposing elements. sive (Fig. 4). : 
Styrikowitsch Calorimetric and thermo- Boiler furnaces. 103,000 Time per reading: 10 min. 
metric. with calorimetric type, 1 - 
; min. with thermometric 
: type (Figs. 5 and 6). 
Kazantsev Thermometric, directional. Open-hearth fur- 138,000 Fig. 7. 


naces. 


* ¢ = Stefan’s constant (10-1 x 10°, if Z’is in °K.). Unless otherwise stated the test-body is assumed to have 


an emissivity of unity, 7.e., it is a perfect absorber. 
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then t and T are the temperatures of the body in 
°C. and °K. respectively. If the convection heat- 
transfer is small, or if 7, = 7'z, then the tem- 
perature of the body is equal to 7p, the mean 
radiant temperature of the surroundings to which 
it is exposed. 

In Hottel’s instrument, 7’, is the mean radiant 
temperature of the hemisphere of the furnace 
facing each disc. Hence, provided that convec- 
tion is negligible, the net heat transfer to any other 
body is : 
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H = oE(T,! — T) 


where 7p is the final temperature attained by the 
disc in °K. 

Similarly, the net heat transfer by radiation 
through any small area in the furnace is given by : 


H’ = o(Tz,* — Tp") 


where 7J’p, and J'p, are the two temperatures 
attained when using the disc facing in opposite 
directions on each side of the area. 

In the instrument of Styrikowitsch shown in 
Fig. 6, on the other hand, the mean radiant 
temperature of the surroundings includes the 
temperature of the water-cooled surface behind 
the measuring disc; consequently the mean 
radiant temperature of the hemisphere of furnace 
can only be deduced from that of the dise by 
calibration. 

In cases where the heat transfer is deduced from 
the rate of the rise of temperature of the body, the 
general formula is : 


Fs en 8 02) 


If the body is such that it can be assumed to 
have a uniform temperature throughout, under the 
actual heating conditions, then H can be calculated 
from equation (2). The values of m, s, and A can 
be obtained by direct measurement. This assump- 
tion cannot be made in the case of the Hise or 
Kasantsev instruments, and calibration is essential 
to give the heat transfer in terms of the rate of rise 
in temperature. 


Calculation of Heat Transfer to the Calorimetric 
Type of Instrument. 


Instruments of this type rely on the absorption 
of the heat falling on a given area by a suitable, 
measured flow of fluid. The actual heat transfer 
to the surface is derived from : 


H=~.5h—4). . . . (3) 
where m/r = mass of fluid flowing per unit time, 
in lb./hr., and t, — t, =rise in temperature in °C. 
of the flowing fluid after steady conditions have 
been attained. 

Where the receiving area A of the calorimeter is 
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precisely defined, as in the Croft and Schmarje 
instrument of Fig. 3, no calibration is necessary as 
the heat flow to the calorimeter can be calculated 
with good absolute accuracy from equation (3). 
Where the angular aperture to which the area is 
exposed is uncertain, as in the Croft and Schmarje 
instrument of Fig. 2, the instrument must be 
calibrated to give H in terms of m/r and (¢, — ¢,). 


Geometrical Considerations in Design of Receiving 
Element. » 


Where the heat-receiving element is situated at 
the end of a cavity which is separately cooled, 
the receiving surface is no longer exposed to the 
radiation from a complete hemisphere of the 
furnace. (It is assumed that the remainder of the 
hemisphere to which it is exposed is cooled to 
the same temperature as the receiving element.) 
Hence the measured heat transfer will depend not 
only on the mean radiant temperature of the part 
of the furnace to which it is exposed but also on the 
solid angle subtended at the receiving surface by 
this part of the furnace. For example, where the 
hot surfaces are at a uniform temperature of 
t °C. (TF °K.), the heat transfer is given by: 


Hq = (7,t— 79), No ents 


This formula is based on the assumption that the 
remainder of the hemisphere (27 — Q) is cooled 
to the same temperature as the receiving element, 
assumed to be in the form of a small cone around 
the normal to the surface. 

As far as geometrical factors are concerned, 
instruments in which each part of the receiving 
element can receive radiation from a whole 
hemisphere differ only in that some (such as 
Hase’s instrument) have a convex receiving sur- 
face, so that the heat transfer is the average 
radiation from all sides, while in others the 
receiving surface is flat and receives radiation from 
one hemisphere only. Ofthese two types, only the 
second can be used for measuring the net radiation 
transfer through a plane. This is done by taking 
two readings with each part of the receiving 
element facing in opposite directions and sub- 
tracting one from the other. 

Instruments so constructed that a small angle is 
subtended by the hot surfaces at the receiving 
element have the advantage that it is possible, by 
replacing the latter by a water-cooled target, to 
separate the radiation of a flame from that of the 
brick wall behind it. 

Instruments of the flush type (i.e., where the 
receiving element “ sees ”’ a solid angle of 27) also 
receive full convection according to equation (1), 
whereas the recessed type with a small angle of 
“sight ”’ receive only the radiation given by 
equation (4). . 


BAULK AND THRING : 


Calculation of Net Heat Transfer to the Charge from 
a Single Heat-Flow-Meter Reading. 
It has been shown that the heat-flow meter gives 


either (a) the total heat transfer to the calorimeter 
due to convection and radiation : 


H, + Hz = C(t, — t) + o(7,4 — T) 


where t and 7 are the temperatures of the sensitive 
element in °C. and °K., or (b) the heat flow due to 
radiation only : 

H, = o(T,;4 — T*) 
from which, since o is known, Hp can be calculated 
from H as given by equation (4). 

In general, it is not possible to calculate H’ (the 
net heat transfer to the charge) from a single 
reading of either (H, + Hp) or Hz. The only 
cases where H’ can be calculated from a single 
reading are the following : 


(i) Convection Negligible Compared with Radiation. 
—In this case : 


H~H,~H,+ Hz 
ESO t+) 
= Hi (H, 4 of4 — of). _.. (5) 


and 


T* is negligible for water-cooled elements, but in 
any case it can be calculated since 7’ will be known; 
similarly we can, in general, assume that H’ and T’ 
are known, and H’ can be calculated from the 
heat transfer to the instrument. 

In this case it is also possible to obtain the net 
heat transfer through a small plane surface by 
radiation. The instrument is placed at the centre 
of the surface and readings of H (viz., H, and H,) 
are made with its surface in the plane facing, first, 
in one direction, and then in the opposite direction. 
Then the net heat transfer through the plane is 
given by : 

. te ers ota, 3hi2i16) 


(ii) Flat Receiving Element. H measured when 
the surface temperature of the calorimeter is equal 
to that of the charge, and their emissivities are equal. 
—Here H’ =H; in practice such conditions 
can be met only by using a selected portion of the 
charge as a heat-flow meter, e.g., by inserting 
thermocouples into a block of steel near the 

face. 
soit all other cases a single reading of a heat-flow 
meter will not enable the heat transfer to be 
calculated with any degree of accuracy, and the use 
of the instrument will be confined to the measure- 
ment of the relative values of different flames and 
to relative distribution of heat transfer over the 
surface of the charge. The experimental work dis- 
cussed later in this paper has been of the latter 
type. It is not improbablé that, in the open- 
hearth and glass-tank furnaces in which the 
experiments were carried out, the convection heat 
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transfer is small compared with the radiation and 
that the net heat transfer to the charge can be 
calculated with reasonable accuracy. Until this 
hypothesis has been confirmed, however, the 
readings must be regarded as having only relative 
significance. 


Calculation of Net Heat Transfer to the Charge from 
a Par of Readings. 


Where two readings (into which the heat trans- 
fers by radiation and by convection enter in 
different known proportions) can be made, it is 
possible to calculate H and H, separately. In this 
case, since the variation of H and H, with the 
temperature of the receiving surface is known, the 
combined net heat transfer (H + H,) to the charge 
at any temperature 7' by radiation and convection 
can be calculated. 

The net heat transfer by convection is : 


Hy me OG PP eH 4 Oley 
H, = C(t, — t). 


C can be deduced either from C = H,/(t, —t) or 
from the convection formule of Fishenden and 
Saunders.!® Likewise, 

H, = ok'(T,' — Tt) = E(H, — oT 4 — T"*) 
as in equation (5). . 

The following four ways have been proposed for 
obtaining two readings into which convection and 
radiation enter in different amounts : 

(1) The use of two sensitive bodies equally ex- 
posed to convection but having different known 
emissivities. This method has been found to 
involve the basic difficulty that the only type of 
surface which will remain at constant emissivity 
when exposed to the furnace gases is a deeply 
grooved black surface (emissivity nearly unity). 

(2) The use of two sensitive elements with 
different surface temperatures. This method 
could, in theory, be applied by interposing a 
known thickness of refractory between the 
radiation and one calorimeter, but in practice it 
offers great difficulties owing to the action of the 
furnace atmosphere on the thin refractory coating. 

(3) The use of a jet of air ® (or, where com- 
bustible gas is present, of nitrogen) controlled from 
outside the furnace and arranged so as to sweep 
the hot gases from the surface of the calorimeter. 
The reading without the air-jet gives the sum of 
the radiation and convection heat transfer to the 
sensitive element. With the air-jet preventing 
convection, the reading is due entirely to radiation. 
This method has the advantage that the two — 
readings are taken under conditions which are in 
every way comparable; it is, however, only 
applicable where the surface temperature and the 
air temperature do not differ greatly. 

(4) It is possible to use a narrow-angle instru- 
ment (which measures radiation only) in con- 
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junction with a wide-angle type (giving radiation 
and convection). But this has the disadvantages 
that any error in calibration of the narrow-angle 
instrument will appear as a relatively large error 
in the convection and that the radiation values 
measured by the two instruments will be different 
unless the mean radiant temperature over the 
whole hemisphere to which one is exposed is equal 
to the radiant temperature of the small angle to 
which the other is exposed. 

For completeness, one other point must be 
mentioned, namely, the possibility of surface- 
catalysed combustion or unloading of abnormal 
energy upon the receiving surface. According to 
Lewis and von Elbe !! this is unlikely to occur 
under the conditions of normal flames even upon 
a hot thermocouple wire and hence even less upon 
a water-cooled surface. Nevertheless, it is a 
possibility which cannot altogether be ignored 
except by the comparison of heat-flow-meter 
readings with the measurement of the heat flow 
to an actual surface of the charge. This is 
another reason why the readings must be used for 
the assessment of the relative properties of 
different flames at different points rather than for 
the absolute measurement of heat transfer to the 
charge. 

In this section we have discussed the means 
whereby a heat-flow meter can fulfil its function of 
measuring the heat flow at any point in a furnace 
system under actual working conditions. It 
should be emphasized that no attempt is being 
made to use such instruments for measuring flame 
emissivities. 


TV.—SELECTION OF THE TYPE OF INSTRUMENT 
TO BE USED FOR THE INVESTIGATION. 


The choice of the type of instrument to be used 
depends mainly on the objective set for the work. 
The aim in this case was to produce a research tool 
whereby trained investigators could study the 
processes taking place in the furnace and so obtain 
information which might lead eventually to im- 
provements in furnace design. Hence it was 
decided to make an instrument which would be 
accurate rather than foolproof, and which could be 
operated continuously in the furnace for long 
periods at a time. Had the aim been to develop 
a commercial flame-radiation meter for routine 
use, quite a different type of instrument would 
have been selected for investigation. 

When the problem of measuring heat flow in 
furnaces was first considered by one of the authors 
(M.W.T.) an instrument was envisaged which 
would require no thermocouple wires or other 
connections through the insertion door. This 
instrument was to consist of a metal disc placed 
over a hole in a brick; the combination when cool 
would be placed in the furnace, and the time 


required for the disc to melt and run into the hole 
would be measured by watching it from outside. 

When the objective had been more clearly 
formulated, however, it was obvious that what was 
needed was a more elaborate instrument which 
could be used repeatedly and rapidly to give a 
large number of readings. For this reason the 
calorimetric type of instrument was chosen in 
preference to the thermometric type; a calori- 
meter, if made of thin sheet metal and with a 
rapid water-flow, can take up its final reading very 
quickly. In order to obtain the full benefit of this 
quick response and to avoid errors due to heat loss 
it was decided to use differential thermocouples 
with the junctions situated at the inlet and outlet 
of the calorimeter. 

To enable this calorimeter to be inserted to any 
point in the furnace, it was decided to mount it at 
the extreme end of a plain cylindrical arm with the 
receiving face flush with the tube surface. ‘There 
appeared to be a choice between two alternative 
designs for the supporting arm. Schofield and 
Grace 1? have shown that a plain steel tube encased 
in insulating brick can be used for a short time in 
an open-hearth furnace, but this method was 
rejected because the tube would itself soon heat up 
and cause appreciable heat transfer to the calori- 
meter embedded in it. The alternative of using a 
water-cooled arm was therefore adopted, in spite of 
the fact that it would require an appreciable 
quantity of water. Such an arm also has the 
advantage of cooling instantly on removal from 
the furnace, and is thus easy to handle. 

The use of a water-cooled arm also made 
possible the addition of an air-jet for separating 
radiation and convection, and, for reasons dis- 
cussed in the preceding section, this method was 
chosen, although it has not yet been fully worked 
out. This air-jet could either be arranged to flow 
at right angles to the calorimeter surface (pre- 
venting the gases from reaching the calorimeter by 
forming a barrier) or it could be made to sweep 
closely over the calorimeter surface. Of these two 
methods the former was chosen because it required 
no projecting guide-lip. 


V.—DeEsiGN PROBLEMS AND THEIR SOLUTION. 


A few details will now be given of the practical 
difficulties met with in the course of the develop- 
ment work on the heat-flow meter. 


Supporting Arm. 


The first experiments were designed to ascertain 
whether it was possible to make a water-cooled 
probe which could be continuously maintained in 
the flame of a high-temperature furnace. The 
first probe, model O, consisted simply of three 
concentric tubes about 10 ft. long. The outer tube 
was made of 16-gauge solid-drawn steel, 2 in. in 
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outside dia. This was the size proposed for the 
heat-flow meter and was chosen as being the tube 
of smallest diameter having sufficient rigidity. It 
was so constructed that water introduced into the 
inner annulus would flow down to the extreme end 
and back along the outer annulus. The inner tube 
was left open and could be used for taking gas 
samples. 

It was not then known what requirements the 
design of water-cooled probes for this purpose must 
satisfy, and as this first probe proved quite success- 
ful the nature of these requirements was not 
revealed by the experiments. The results of the 
experiments made with this probe encouraged the 
authors to design and build a second instrument 
(model I.) complete with calorimeter. This in- 
strument was constructed of a number of short 
lengths of tube with overlapping joints, which were 
found to cause local overheating. It was there- 
fore clear that in designing this type of instrument 
care must be taken to ensure that every part is in 
intimate contact with actual flowing water. 

Another weakness of this type of design became 
evident when tests were carried out on the next 
probe to be constructed (model II.). This had 
precisely the same tube sizes as the previous design, 
but the outer tube was in one continuous length. 
It was clear from the first trial of this instrument 
that it failed to satisfy another essential condition 
which had been fulfilled by chance in the original 
probe, model O. When model II. was inserted in 
the furnace a hot-spot formed on the upper surface 
of the tube, causing the whole arm to bend. It 
was clear that this trouble was due to the forma- 
tion of a pocket of either steam or air. 

The difficulty was overcome in the next instru- 
ment (model III.) by reducing the cross-sectional 
area of the outer annulus. The object of this was 
to create a high water-velocity, thus scouring the 
surface and sweeping away any steam or air 
bubbles as they formed. 

This instrument withstood a 10-hr. period of use 
in a glass furnace, but eventually all the welds 
around the calorimeter end of the instrument gave 
way, owing to the force set up by the differential 
expansion of the outer tube compared with that of 
the inner one to which it was fixed at both ends. 
The next instrument (model IV.) was therefore 
fitted with expansion bellows. This met all the 
requirements regarding the main supporting arm 

satisfactorily. 
~ To summarize, the essential points in the design 
of the supporting arm are: (1) A sufficient water 
velocity to ensure that all surfaces exposed to the 
heat of the furnace are kept thoroughly scoured 
(5-0 ft. /sec. for glass furnaces and 10 ft. /sec. for steel 
furnaces); (2) the avoidance of projecting pieces 
of metal, even though they may be contiguous to a 
well-cooled part of the instrument; (3) actual 
contact of the whole of the outer tube with 
1946—i 
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flowing water (i.¢., no overlapping joints) ; (4) care 
to ensure that there are no corners in which the 
water velocity is liable to be low or in which air or 
steam can collect; and (5) means to prevent the 
stress set up by differential expansion being borne 
by the welds. 


Calorimeter. 


A high water-velocity was found to be essential 
also in the calorimeter. In the first calorimeter, 
this requirement was not satisfied and steam was 
produced, causing violent fluctuations in the 
water rate and making it impossible to obtain a 
satisfactory reading. The reduction of the cross- 
sectional area and consequent increase of the 
water velocity overcame this difficulty. 

The first calorimeter design had one thermo- 
couple junction in the inlet and one in the outlet; 
these were connected together differentially so 
that the e.m.f. across the two junctions gave the 
temperature-rise of the water passing through the 
calorimeter. At that time an accurate but slowly 
adjustable potentiometer was being employed, 
and, owing to the sensitivity of the galvanometer 
to vibration, quite an appreciable time was taken 
to get each reading. To reduce this time, a new 
calorimeter was fitted having four junctions in the 
inlet and four in the outlet, all differentially 
connected. Before the work in the steelworks was 
commenced, this instrument was replaced by a 
quick-reading potentiometer which obviated the 
need for the multiple thermocouples as it could 
give rapid and accurate readings on the e.m-f. of a 
single junction. 

The essential points in the design of calori- 
meters for use in the heat-flow meter are: (1) 
Narrow water passages, giving a high water 
velocity; (2) hard-soldering of all joints, since any 
momentary fall of water-rate will cause the destruc- 
tion of the calorimeter, and because the temperature 
gradient through the metal is high; and (3) 
surfaces serrated and blackened, to produce the 
maximum possible absorptivity. 


Auxiliary Equipment. 

In the earlier experiments the cooling water for 
the main arm was measured with an ordinary 
integrating-type meter, but later a Venturi 
coupled to a mercury differential gauge was sub- 
stituted. This gave constant indication of the 
actual water rate, and it is anticipated that, should 
overheating occur, visible warning would be given 
by violent fluctuations of the mercury level. 
(The use of a differential meter has been found to 
give such warning in respect of the calorimeter.) 
As a further precaution, a mercury-in-steel dial 
thermometer has been installed in the outlet 
of the cooling arm. In operating the instrument 
more reliance is placed upon this outlet tempera- 
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ture, which under no circumstances is allowed to 
exceed 60° C., than upon the water rate. 

It was found necessary, for the comfort of the 
operator, to attach a handle enabling him to stand 
at least 6 ft. away from the furnace. A special 
trolley to support the instrument has not so far 
been used. 


Constructional Details. 


The instruments used in the tests (to be de- 
scribed later in this paper) are referred to as 


and its upper face is serrated so as to approximate 
more closely to a black-body absorber. The inlet 
and outlet are hard-soldered on to the copper tube 
and are drilled and tapped so that they can be 
bolted on to the water-supply and waste pipes, 
this being where the thermocouples are located. 

The calorimeter used on model VII. (Fig. 10(6)) 
consists of four pieces: A brass block A, in which 
narrow water passages are cut, the side-piece D 
and two end-pieces B and C, all of which are 
soldered on to the brass block. The exposed face 


Fic. 8.—The Authors’ Heat-Flow Meter. 


models VI. and VII. They are almost identical 
and their design is shown in Fig. 8. Figs. 9(a) and 
9(b) are photographs of the exterior. Referring 
to Fig. 8, the three solid-drawn steel tubes A, B, 
and C are arranged concentrically. Water is 
introduced into the inner annulus between tubes B 
and C via the inlet, whence it flows down the whole 
length of the instrument, back along the outer 
annulus between tubes A and B, and to waste 
through the outlet. At the end remote from the 
inlet and exit, a trough F is let into the supporting 
arm to hold the calorimeter G, the receiving 
surface of which bridges the top of the trough. 
The expansion bellows are denoted by L. 

The end of the calorimeter is shielded from 
radiation by means of a water-cooled plug H. 
The supply pipes J and J for the plug and the 
calorimeter, respectively, run along the full length 
of the instrument, within the innermost tube C. 
Fig. 9(b) shows how it is possible, by withdrawing 
the end plug with its supply tubes, to remove the 
calorimeter from the body of the supporting arm. 

The difference between the two instruments lies 
in the construction of the calorimeter. That used 
in model VI. (Fig. 10(a)) consists of three parts: A 
short length of copper tube A, and the inlet Band 
outlet C. The copper tube, which is of 16-gauge, is 
pressed flat until the water-passage depth is 3 in., 


is serrated as before. The thermocouples are 
insulated with a coating of shellac compound and 
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Fie. 10.—Construction of Calorimeter used in 
(2) Model VI., and (6) Model VII. 


are clamped between two pieces of ungraphited 
sheet at the point where the calorimeter is attached 
to its supply tubes. 


VI.—Resvtts OBTAINED AT THE 
CHARLTON WORKS OF THE 
Untrep Guass Borrnn MANUFACTURERS. 
A full description of the furnace is given in 
Appendix II. The most important features of a 
glass-tank furnace are that it is a regenerative 
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furnace, with the flame direction reversing every 4 
hr. ; it operates continuously (7.e., without any time 
cycle except that of reversals), and it has three or 
four flames passing across a roughly rectangular 
chamber. 


General Experimental Procedure. 


A diagrammatic sketch of the furnace showing 
the position at which the instrument was inserted, 


is given in Fig. 11. Generally speaking, the 
Hole in end woll 
for insertion of 
the instrument. 
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Feed end 
Fic. 11.—Glass Furnace, showing Position of 
Instrument. 
instrument was inserted through a sight hole on 
one side of the “‘ dog-house ”’ to a distance of 7 ft. 


from the exterior of the furnace. This brought 
the calorimeter to a point on the centre line of the 
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as close as possible to the surface of the glass. It 
was not until work had commenced at a steelworks 
that a more reliable method was used. Careful 
watch had to be maintained on the positions of the 
batch piles, and the instrument occasionally 
had to be raised to allow them to float under- 
neath. The batch, in the form of a heap of 
powdered raw materials required for making glass 
(sand, limestone, soda ash, &c.), is pushed in at 
the beginning of each }-hr. reversal. Each pile 
then floats about on the surface of the previously 
melted glass until it is itself melted. 


Variation with Time of Downward Heat Flow and 
Net Transfer to the Charge. 


In these tests, the results of which are given in 
Figs. 12, 13,and14,readings were taken throughout 
a number of cycles. In all cases the instrument 
was left in the furnace through the entire half- 
cycle and removed just before each reversal for 
cleaning and reblacking; it was re-inserted when 
the reversal was complete. 

It will be noticed that the upward heat transfer 
from the stock varied considerably. In every case 
where the reradiation from the stock was very 
small it was noticed that the calorimeter was facing 
a pile of cool batch. 

With two exceptions all these curves were 
obtained using producer-gas firing. The curves 
shown in Figs. 12 and 14 were obtained using 
creosote pitch; no change was made in procedure. 


A summary of mean values of downward heat 
flow obtained in the glass-tank furnace is given in 
Table I. 


Variation of Heat Transfer along the Length 
of the Flame. 
The curves shown in Fig. 15 were obtained by 
inserting the instrument with the calorimeter 
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Fic. 12.—Upward and Downward Heat Transfer, showing that reradiation 


of the glass follows the downward heat flow. 


first port. In order to eliminate convection or facing upwards, t.c., measuring the downward heat 
radiation from the flame, the reading of the upward flow, and taking readings at various distances in, 
heat transfer was taken by placing the calorimeter up to 7 ft. The instrument was inserted hori- 
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Fic. 13.—The Effect of Floating Cold Batch on the Upward Heat Flow in a Glass Furnace. 
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Fic. 14.—Variation with Time of the Net Heat Transfer to the Charge. Creosote-pitch fuel in a glass furnace. 


zontally into the furnace, 2.e., with the calorimeter 
about 1 ft. above the surface of the stock and well 
enveloped by flame. The curves are given for the 
flames passing in either direction. 
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Fic. 15.—The Relative Width of the Flame at its Tip 
and Base, as shown by the downward heat flow. 


Heat Transfer to the Crown. 


The procedure adopted in this test was exactly 
the same as that described in connection with Fig. 
12, except that the instrument was tilted so that 
the calorimeter was close to the crown. In this 
position the instrument was well above the flame. 
Occasional readings were taken at the surface of the 
stock as before. The results are shown in Fig. 16. 

With the flame travelling from right to left and 
the instrument on the right-hand side of the 
furnace, the mean reading of downward heat flow 
was 116,000 C.H.U./sq. ft./hr., and the corre- 
sponding reading of upward heat flow was also 
116,000 C.H.U./sq. ft./hr. After the reversal, 
with the flame travelling from left to right, the 
downward heat flow was 145,000 C.H.U./sq. ft. /hr. 
and the upward heat flow 142,000 C.H.U./ 
sq. ft./hr. The net heat transfer to the crown can 


Taste I.—Summary of Mean Values Obtained in a Tank Furnace of the United Glass Bottle 
Manufacturers. 
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Furnace. 


therefore be regarded as negligible compared with 
the downward heat flow. 


VII.—REsvULts OBTAINED AT THE STEELWORKS 
oF Mzssrs. JoHN SumMMERS & Sons, Lrp. 


Details of the furnace construction are shown 
in Figs. 17(a) and 17(b) and a general description 
of the furnace operation is given in Appendix III. 


(a) ’ 
Fic. 17.—Port Construction (a) as now used on all furnaces, and (6) as used on furnace Ff up to July, 1944. 


General Experimental Procedure. 


The water supply for the instrument in the 
works was taken from a 900-lb./sq. in. main, and 
was throttled down to about 180 lb./sq. in. for 
use in the supporting arm. The supply to the 
calorimeter and end plug was taken from the 
same main. In tests near the steel surface the 
instrument was inserted through the lower 
sight-hole of the water-cooled furnace door, and 
for readings near the crown through the upper 
sight-hole. These holes are situated on the central 
axis of each of the three doors, at about 1 ft. and 
4 ft. above the steel surface respectively. 

In order to avoid any possibility of slag splashes 
falling on to the calorimeter during the measure- 
ment of the downward heat flow, the instrument 
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was kept above the point at which the slag 
globules could be seen to fly. The readings taken 
with the calorimeter facing downwards continued 
to decrease until the calorimeter made contact 
with the slag surface. This point could be 
ascertained by noting the violent kick of the 
galvanometer as the calorimeter struck the surface. 
It was possible to keep the potentiometer balanced 
right up to the moment of entry into the slag. 
Hence the reading at a negligible distance above 
the slag surface could be ascertained. The slag 
and steel which adhered to the instrument could 
easily be dislodged. 

After each pair of readings had been taken the 
instrument was removed from the furnace in order 
to clean the calorimeter. It appeared to be un- 
necessary to blacken the surface of the calori- 
meter, as blackening soon occurred within the 
furnace itself. All readings were taken on the 
longitudinal centre-line of the furnace. 


Variation of Reading with Time. 
One of the first tests to be carried out was to find 
the effect on the calorimeter of the building-up 


44 I door 


(5) 


of deposits from the flame and charge. This was 
done by inserting the instrument into the furnace 
and taking readings approximately every 4 min. 
The effect of these deposits was in some cases 
appreciable, particularly in the second half-cycle. 
On subsequent tests it was overcome by cleaning 
the calorimeter between pairs of readings. 


Variations of Downward Heat Transfer and Net 
Transfer to the Charge with Time. 


Figs. 18-20 show readings taken throughout a 
series of cycles on two different furnaces. Only 
the downward heat flow is given in Figs. 18 and 19, 
as in these cases the technique for measuring the 
reradiation from the slag had not been worked out. 
Fig. 19 shows the variation of downward heat flow 
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over the last 5 hr. of a melt. Each of the points 
marked is the average of a number of readings in a 
half-cycle plotted against the time at which the 


the next door in the next half-cycle. A few 
readings taken close to the roof, with the 
instrument facing in both directions, are also 


half-cycle began. This melt was of rather longer given. These readings were often taken in a 
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Fic. 18.—Downward Heat Flow under base of flame compared with that under the tip. 
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Fic. 19.—Variation of Downward Heat Flow with Time, showing that the downward 
heat flow remains sensibly constant during the refining period of 5 hr. 


& cel Say a ali Seales 7 3 
SS (ia Fe Fa Paar. career “~~ Pn =™s. aN =~ “—™ & 
a ee ie 4-----4----- t------ ee oa--p-=--= re 1 50S. 
S © Downward heat transfer Ss 
~~ é x Upward heat transfer xy 
Q loko) ie oe [exe) » 
xs 12} SG fe) 
a 200 gp x Bees 1- % hil Oo x 

[}—— FX —7—c00;— 

=) fo) Fe ™ x 3 x x oe x x =) 
(Sia pace ee ea TiseXK: lis pasia es = aa ae OO el ah igh eas esa ~4100 x 
a x 7 pense G 

ut 


ie ea = eos! fee 
"2:20 350 240 250 3-00 F/O 3:20 330 340 50 Fae 4/0 420 450 440 450 500 
Time, (p.m) 


Fig. 20.—Variation of Net Heat Transfer over the last 24 hr., showing that it falls off towards tapping time. 
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Fic. 21—Downward and Upward Heat-Flows at Different Distances along the Furnace. 


duration than normal as the charge was a special 
one. 


Variation of Heat Flow and Net Heat Transfer 
along the Longitudinal Centre Line of 
the Furnace. 


Fig. 21 shows a cycle test taken through each of 
the three furnace doors in turn. The procedure was 
to take readings throughout one complete cycle 
through one door and to repeat the process through 


subsequent cycle, but are plotted in the equivalent 
cycle at the same door. 


Variation of Downward Heat Flow across the 
Furnace. 


Figs. 22 and 23 indicate the variation of down- 
ward heat flow as the instrument is inserted into 
the furnace at each of the three doors on two 
different furnaces. 

It was not possible to measure the variation of the 


~ 
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net heat transfer to the bath across the width of the 
furnace because of the large angle at which the in- 
strument would have had to be held in order to re- 
ceive the reradiation from the slag at points near the 
door. All readings were accordingly taken with the 
instrument inserted into the furnace horizontally. 

The readings near the crown were taken at 


| s-9s 6) 
200 1 = 1 Der 
ge eg ee <i ee 
— A 
(OO arama oat ase ee (=a i 
© Downward heat transfer 
x Upwerd heat transfer 
x 
= = 
~ = 
Ng 
» = 
g fe) 
nt 
x Ss 
S Rs) 
< x 
s © Downward heat transfer < 
x Upward heat transfer 
(c) Door No.2 
Bee SS ey ee ee eee et 100 
(OO oh eee ee el eee ee 50 


© Downward heat transfer 
x Upward heat transfer 


» Distance in turnace, ft. 


Fig. 22.—Distribution of Downward Heat Flow across 
Width of Flame (Furnace T). 


the beginning and end of each half-cycle, and the 
reading of the net transfer to the charge at the 
centre line was also measured. These are shown 
graphically in Fig. 24. 

An example of abnormally high downward heat 
flow is shown in Fig. 25, and readings showing the 
variation of downward heat transfer are presented 
in Table IT. 


Variation of Upward Heat Flow to the Calori- 
meter with Height above Steel Surface. 


_The instrument was inserted to the centre line 
of the furnace with the calorimeter facing down- 
wards and the calorimeter was then raised high 
above the slag surface. The height of a point on 
the handle the same distance from the fulcrum 
as the calorimeter was measured and recorded. 
By raising this reference point the calorimeter was 
lowered through the same distance. Readings 
were taken for various heights and were plotted 
against the height of the calorimeter above the 
steel surface. The results are shown in Fig. 26. 
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The readings obtained after the point has been 
reached at which the calorimeter strikes the steel 


OQ Downward heat transfer. 
* Upward heat transfer. 
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Fig. 23.—Increase of the Downward Heat Flow under 
Flame (Furnace S). 
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Fig. 25.—An Abnormally High Downward Heat Flow. 


surface have no special significance. They were 
taken merely because the amount of contact with 
the steel surface could not be detected by the 
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Taste Il.—Variation of Downward Heat Transfer on Each Test. 


(C.H.U. x 103/sq. ft. /hr.). 


Furnaces at Messrs. John Summers & Sons, Lid. 
Date. Fig. No. | Door No. M. N. R. S. 
I-R. R-L L-R. | R-L. I-R. R-L. I-R. R-L. L-R. 
25/5/44 * 3 183 208 ne =) 
6/6/44 TF 3 Sie 50¢ on ape 
20/6/44 3 
/6/44 t mee Pee 
21/6/44¢ |18and| 1 130 115 
19 serps || aielloy/ 
15/8/44 + x 2 107 110 Rts Le ee Lk 
16/8/44 + : 1 * 4a ‘ 207 190 
16/8/44 T 2 214 208 
16/8/44 + ee 3 we 179 211 
5/9/44 + 21 1 121 111 e. ap 
5/9/44 21 2 Te : au 
5/9/44 + 21 3 . ca ae 
6/9/44 + bs 3 40 =< 105 117 
17/10/44 * | 22(a) 1 170 120 
17/10/44 * | 22(b) 2 125 140 
17/10/44 * | 22(c) 3 ns -. 109 129 
18/10/44*| ... 1 140 113 3 ae 
18/10/44 * 2 124 140 
18/10/44*| ... 3 120 149 a es 
8/11/44 * | 23(a)| 1 - ee 124 130 
8/11/44 * | 23(b)| ~2 120 120 
8/11/44 * | 23(c) 3 er a 112 131 
28/11/4411 20 1 121 109 as ey. 


* Single readings on central axis of furnace; readings taken at various distances across furnace. 
+ Single cycles on central axis of furnace; insufficient results obtained to permit calculation of standard error 


of the mean. 


{ The mean values in these tests are followed by twice the standard error of the mean. The tests were of 
downward heat transfer on one position on the central axis for not less than 2 hr. 


normal method, as the test was carried out before 
the slag had properly formed. 
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Height above slag surface, in. 
Fic. 26.—Variation of Upward Heat Transfer with 
Height above Slags, showing the importance of taking 


the upward heat flow close to the slag surface 
(Furnace #). 


VIII.—Resvtts OBTAINED AT STEELWORKS 
or Megssrs. SamueL Fox & Co., Lrp. 


An account of the furnace operation is given in 
Appendix ITI. and the design of port construction 
is shown in Fig. 27.§ 


Experimental Procedure. 


The same procedure was adopted as in the tests 
described in section VII., except that the water 
supply was taken direct from the mains at 
approximately 125 lb./sq. in., giving a water flow 
of 1000 gal./hr. through the supporting arm. This 
was sufficient to keep the outlet temperature of the 
water below 60° C. when the calorimeter was at 
the centre line of the furnace. The water pressure 
at this works was not very steady and so a pressure 
regulator had to be incorporated in the calorimeter 
supply line. 


It was found unnecessary to dip the calorimeter 


into the slag in order to obtain the upward heat 
flow at the slag surface, since there was no 
apparent variation of reading over the first 3 in. 
above the steel surface. 


§ By permission of Messrs. Samuel Fox & Co., Ltd., and of Messrs. H. A. Brassert & Co., Ltd., designers of 


the furnace. 
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All the tests were conducted through a hole in 
No. 1 door, so that the calorimeter was about 
7 ft. 6 in. away from the mouth of the port. 

It was found that if the instrument was left 
in the furnace for more than about 3 min. the 
reading given by the calorimeter gradually 
decreased, owing to deposits of carbon and slag on 
the calorimeter surface. 


Variation of Downward Heat Flow and Net Transfer 
to the Charge with Time. 


Fig. 28 shows readings, taken throughout the 
last 24 hr. of a melt, of both downward and upward 
heat flow at the bath surface. The value of down- 


ward heat flow at the incoming end of the flame 
varies between 115,000 C.H.U./sq. ft./hr. and 
The corresponding 


167,000 C.H.U./sq. ft./hr. 
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Fie. 27.—Port Construction as used in Furnace K 
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values for the outgoing end are 115,000 C.H.U./ 
sq. ft./hr., and 150,000 C.H.U./sq. ft./hr. The 
values appear to vary widely throughout the 
test. 


Variation of Downward Heat Flow across the 
Furnace. 


The readings shown in Fig. 29 were taken 
in rapid succession as the instrument was inserted 
into the furnace. The test was repeated at three 
different heights above the slag surface. Since 
the upward heat transfer was taken at the same 
height above the slag surface as the downward 
heat transfer, the difference between the two 
readings is the net heat transfer flowing through 
a plane at that height, and not necessarily the net 
heat transfer to the charge. 
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(built to design of Messrs. H. A. Brassert & Co., Ltd.). 
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Fic. 28.—Random Variations of Downward and Upward Heat Flows with Time. 
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Variation of Upward and Downward Heat Flow 
with Height above the Slag Surface. 


The procedure followed throughout these tests 
was similar to that given in section VII., except 
that the results are plotted against the actual 


BAULK AND THRING : 


300 | 
eee 
ae SS aes es Sag eh a a | 450 
| | (oo Oa 
° 9 ser Se x——*X 
ed ag A 
ea 
00 o. + 
ie = CAS! wee fa atte Enea opts OOOK No. } ee 100 & 
— va 2 Downward heat tronsfer = 
= / x Upword heat transfer. = 
/ 
ae / Ey 
Q ie ~ 
x /00 ate a Ss 
ee ea 50 
= S 
<= 
K 300 = 
ss) Door No./. G 
OS DOWAWGRC APEC IRILON'S Clana eae /5O 
x Upward heat transfer. ——. 
| a 
os ) 
200 TE See 
i 100 
(2) a 4 6 8 


Distance in furnace from front wall, ft. 


Fic. 29.—Distribution of Downward and Upward Heat 
Flows across the Width of the Flame. Flame travel- 
ling (a) right to left, (b) left to right. (Furnace K.) 


height above the slag surface. These results are 


shown in Fig. 30. 


1X.—ConcuLvsions. 
Design and Use of the Heat-Flow Meter. 


The following conclusions have been drawn in 
connection with the design and use of a heat-flow 
meter : 

(i) A water-cooled calorimeter supported by a 
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cooled guard-ring or stopper to close the end of the 
arm. 

(iii) It is essential that the outer annulus of the 
supporting arm should be made narrow enough to 
give a high water-velocity. 

(iv) As a precaution against adventitious re- 
ductions of the pressure of the water supply, it is 
advisable to measure the main rate by means of a 
differential-type meter, so that a continuous visual 
indication is given of the actual water rate. 

(v) It is advisable to operate the supporting 
arm in such a way that the outlet temperature of 
the water cooling it never exceeds 60° C., and to use 
a mercury-in-steel dial thermometer to measure 
this temperature. This gives the operator who is 
holding the instrument in the furnace an imme- 
diate warning indication of imminent danger. 
The operator at the control bench receives warning 
by observation of pulsations in the water-flow rate. 

(vi) Even with a high water-velocity in the 
outer annulus, the temperature of the outer tube 
is considerably higher than the mean temperature 
of the water. Means must be provided to take 
up the resultant large expansion. 

(vii) The use of the quick-reading potentiometer 
greatly facilitated the measurement of the rise of 
temperature in the calorimeter, owing to (a) the 
speed with which a balance could be obtained, and 
(6) the immunity of the instrument from the 
vibration of the furnace floor. 

(viii) Experience has shown that the present 
single-calorimeter instrument can be turned over 
easily, and thus no increase in the rapidity of 
readings with a manually operated instrument 
could be gained by having two calorimeters facing 
in opposite directions. Two calorimeters would 
have the effect of increasing the work of the 
operator of the control bench, who is at present — 
kept fully occupied, and of reducing that of the 
operator who holds the instrument in the furnace 
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Distance above slag surface, in. 
Fic. 30.—Variation of Upward Heat Transfer with Distance above Slag, showing that the importance of 


measuring the upward heat flow very close to the slag surface is not as great as the Samuel Fox works. 
Flame travelling (a) from right to left, and (6) from left to right. (Furnace K.) 


water-cooled arm provides a practical method of 
measuring the heat flow in both glass-tank and 
open-hearth furnaces. 

(ii) It is desirable to make the calorimeter 
detachable from the main arm; a convenient 
method of doing this without introducing errors 
due to end effects is to incorporate a separately 


and whose time is, under present conditions, not 
fully utilized. This does not mean, however, that 
two calorimeters are undesirable in all cases. If 
the instrument were ever required for automatic 
operation, recording the results directly upon a 
chart, then a definite advantage would be derived 
from the use of two calorimeters. Also, if interest 


BAULK AND THRING : 


were centred mainly on the net heat transfer and 
not on the total heat transfer, the use of two 
calorimeters with water flow in series and a pair of 
opposed differential couples would be an advantage. 
It is possible that an instrument could with ad- 
vantage be designed for use as standard equipment 
in a steel-melting shop, to be inserted rapidly 
into any furnace where there was doubt as to 
the heating power. Such an instrument would 
probably be used for measuring net heat transfer. 


Heat Flow in the Glass-Tank Furnace. 


(a) Comparison of Radiation at Ingoing and 
Outgoing Ends.—The average value of the down- 
ward heat transfer on the axis of the first port is 
greater for half-cycles when the instrument is near 
the incoming end of the flame. The average drop 
in downward radiation is 11% for producer-gas 
firmg and 16% for creosote-pitch firing. This by 
itself does not mean that the downward heat 
transfer on the outgoing side, taken over the whole 
length of the bath, is less than that on the in- 
coming side, since it might well be that the flame 
was covering a greater bath area. What does 
determine the relative heating powers of the two 
ends of a flame is the area under the curve showing 
the relation between downward heat transfer and 
distance across the furnace at right angles to the 
gas flow. The curves showing this relation do, 
however, indicate that the downward heat transfer 
at the incoming end of the flame is the greater. 

The difference between the two readings for 
different gas flames varies between 4 and 19% of 
the reading at the incoming end of the flame. It 
would be interesting if this could be correlated with 
the hydrogen content of the producer gas, with a 
change in the gas/air ratio, or with a change in the 
‘volume of gas entering the furnace. A fuller 
understanding of the relevant variables would 
make it possible to obtain a producer-gas flame 
giving a maximum of useful heat transfer. 

(b) Variation of Downward Heat Flow during 
Half-Cycle-—There is, on the whole, a tendency 
for the observed downward heat flow to fall off 
during each half-cycle, it being usually 5 or 10% 
lower at the end than at the beginning. This may 
be partly an instrumental effect, as in some of the 
tests the calorimeter was reblackened only at the 
end of each half-cycle, but the same effect appears 
to have occurred even when it was reblackened 
every 10min. Itseems likely, therefore, that this 
effect results from a change in temperature of 
the flame due to the progressive cooling of the 
regenerators during the half-cycle. _ 

The opposite tendency is observed in about one- 
third of the cases; in all cases where this occurs 
(t.e., where there is a slight increase during the 
half-cycle of the observed downward heat flow) 
there is also a much greater increase in the upward 
heat flow. This correlation between the downward 


A HEAT-FLOW METER FOR USE IN FURNACES. 


59 P 


heat flow and the reradiation from the glass is a 
point of considerable interest. The three most 
obvious explanations are: (a) Reflection of heat 
from the crown, (b) the effect of the cold batch 
upon the rapidity of the combustion in its im- 
mediate neighbourhood and hence upon the local 
heat release, and (c) the effect of the cold batch 
upon the luminosity of the flame in its neighbour- 
hood. The second of these explanations is the 
most likely to be correct, because the piles 
of batch are of small dimensions compared with 
the height of the crown, and also because there is 
evidence that the flame is fairly opaque. This is 
analogous to the effect of lining the first few feet 
of the flue of a Lancashire boiler with refractory 
in order to obtain satisfactory combustion with 
pulverized fuel. 

(c) Net Heat Transfer to Stock.—The reradiation 
from the stock depends entirely on the condition 
of the stock itself, 7.e., on the presence or absence 
of floating batch. Thenet heattransferto the batch 
piles may be up to five times as much as that to the 
clear molten glass. This suggests that a greater 
increase in the melting rate is likely to be obtained 
by feeding a thin layer of batch over the whole 
glass surface, leaving the space underneath for 
mixing, &c., than can be obtained by making the 
flame perfectly opaque. 

(d) Variation of Downward Heat Flow across the 
Width of the Furnace.—The downward heat flow 
shows a very marked local increase at the in- 
coming end of the flame, as the instrument is 
moved under the axis of the flame, whereas it is 
almost uniform at the outgoing end. This may 
be due to the spreading-out of the flame jet, as was 
observed in a cold furnace by Gooding and 
Thring.#® 

(e) Readings near the Crown.—The reading 
obtained with the instrument above and facing 
the flame was almost exactly the same as that 
obtained with it below and facing the flame. This 
suggests that the flame is rather opaque. The 
fact that the reading obtained with the instrument 
facing the crown increases rapidly immediately 
after the reversal, indicates either that the tem- 
perature of the inner surface of the crown closely 
follows the effective local flame temperature, or 
that the crown is appreciably reflecting. 


Heat Flow in the Open-Hearth Furnace. 


Comparison of Downward Heat Flow at the 


Incoming and Outgoing Ends of the Flame.— 


As determined at the works of Messrs. John 
Summers & Sons, Ltd., the downward heat flow 
is greater under the central axis of the incoming 
end of the flame than at the outgoing end—the 
same result as was found in the glass-tank furnace. 
As has already been explained, this does not neces- 
sarily mean that the heating power at the in- 
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coming end of the furnace is greater than that at 
the outgoing end; but the curves giving the 
variation of downward heat flow at both ends 
indicate that in general there is a slightly greater 
total heating power under the incoming end of 
the flame when averaged across the width of the 
furnace. 

The reverse appears to be true at the works 
of Messrs. Samuel Fox & Co., Ltd. Here there 
are periods when the curves at the outgoing end 
give the higher downward transfer. The test 
position was only 7 ft. 6 in. from the gas port, and 
hence ‘at the incoming end combustion was 
probably very incomplete; this may account for 
the lower reading. At the John Summers works 
the tests on the end doors were taken at a distance 
of 9 ft. 6in. from the port. It would be interesting 
to know whether the same phenomena are observed 
at a similar distance from the gas port at Samuel 
Fox’s works. 

The curves in Fig. 22, taken at the John 
Summers works, illustrate how the instrument 
can be used to diagnose an “ out-of-balance ” 
furnace. The downward heat transfer from the 
incoming end (viz., left, or door No. 1) of the left— 
right flame is the same as that from the incoming 
end (viz., right, door No. 3) of the right-left flame. 
On the other hand, at the outgoing end (viz., right, 
door No. 3) the left-right flame gives a slightly 
lower transfer than the outgoing end (viz., left, 
door No. 1) of the right—left flame. This contrast 
implies that the left-right flame is slightly shorter 
than the right-left flame, as was confirmed by 
readings at the middle door. The out-of-balance 
is not so noticeable on the other curves. 

Variation of Reading with Time.—The fact that 
the reading decreases with time indicates that 
deposits build up on the calorimeter face. This 
may be due either to particles of slag or to the 
thickness of the carbon deposit increasing. How- 
ever, this difficulty was overcome by cleaning the 
surface of the calorimeter between pairs of 
readings. It is interesting to note that the outlet 
temperature of the cooling arm dropped from 60° 
to 50° C. during a 20-min. insertion. The arm was 
actually seen to be covered with slag droplets, 
which would appear to be the cause of the fall in 
the reading. This suggests that it might be 
possible to reduce the water quantity required to 
cool the main supporting arm by coating it 
with slag. 

Variation of Actual Downward Heat Flow with 
Time.—At the John Summers works the variation 
of the downward heat flow with time is sensibly 
constant during the refining period. At the Samuel 
Fox works the downward flow is more erratic, but 
still there is no general tendency for it to fall or 
rise towards the tapping time. Nevertheless, 
there is a definite tendency for the net heat 
transfer to the charge to fall off towards the 


tapping time. This is just as would be expected, 
and is clearly shown in Fig. 28. 

Reradiation from the Slag Surface—At both 
steelworks the reradiation from the slag (upward 
heat flow) follows the downward transfer very 
closely. This indicates either that the slag is 
highly reflecting or that the surface temperature of 
the slag follows that of the flame. A similar 
observation relating to the crown of a glass-tank 
furnace has already been noted. In spite of this 
effect the net heat transfer is higher, other things 
being equal, when the total downward heat flow 
is higher. 

Variation of Downward Heat Flow across the 
Furnace.—At both works a decided rise in down- 
ward heat flow was noted at a definite distance 
across the furnace. At the John Summers 
works this change occurs about 4 ft. 6 in. from 
the centre line, and at the Samuel Fox works at 
2 ft. from the centre line. Probably the change 
occurs at the point at which the calorimeter enters 
the flame. 

Variation of Magnitude of Downward Heat Flow. 
—The curve of Fig. 22(b) stands out from the 
others because the exceptionally high downward 
heat flow showed that in the variation across the 
width of the flame the transfer is sensibly normal 
within about 4 ft. from the outside of the furnace. 
The calorimeter was within the furnace wall from 
4 ft. up to about 2 ft. 6 in. from the outside of the 
furnace. It would thus appear that the sudden 
increase occurs at the pomt of entry into the 
flame. At the Samuel Fox works, also, high 
readings were observed, but not as high as those 
referred to above. 

Relative Values of Heat Flow Above and Below 
the Flame.—The upward heat flow measured close 
to the roof is comparable to the downward heat 
flow close to the slag. This means either that the 
values of the radiation from the slag surface and 
from the roof are practically the same, or that the 
flame is relatively opaque. 

Variation of Upward Heat Flow with Height 
above Slag Surface—At the John Summers 
works the value of the reading falls off very 
rapidly in the last foot nearest to the bath. This 
may be due either to the gradual elimination of 
convection as the instrument is lowered, or to the 
fact that, as the instrument is raised, the flame 
becomes opaque at a thickness of about 1 ft. 
At the Samuel Fox works this falling off at the 
slag surface does not occur except in one case, and 
here it is thought that the calorimeter became 
covered with slag. This explains why it was 
essential to dip the calorimeter into the slag to 
obtain the downward reading at the John Sum- 
mers works, whereas this was unnecessary 
at the Samuel Fox works. It also shows that 
special techniques must be devised at different 
works to meet the differing furnace conditions. 
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Another fact worth noting is that the flame in the 
furnaces at the John Summers works appears 
(visually) to be more fierce that that at the Samuel 
Fox works, suggesting that the convection may 
be greater at the former. However, no final con- 
clusion can be drawn until the radiation has been 
separated from the convection. 

Heat Transfer to the Roof.—The readings close to 
the roof show, as would be expected, a net transfer 
to the roof which is not very different from the net 
transfer to the bath. 

Net Heat Transfer During Absence of Flame.— 
At the Samuel Fox works several pairs of readings 
were taken during a reversal when there was no 
flame in the furnace. In these cases there was a 
small apparent net heat transfer away from the 
slag surface. This suggests that the slag surface 
is at a slightly higher temperature than that of the 
crown, showing that the objective of heating the 
slag to a temperature beyond the limitation set by 
the crown is to some slight extent achieved. 


Conclusions from the Experimental Results as to the 
Mechanism of Heat Transfer in Furnaces. 


Factors Affecting the Net Heat Transfer to the 
Charge.—While, from the work described in this 
paper, it is not possible to indicate clearly the 
separate contributions to the heat transfer in a 
furnace of radiation and convection, certain 
tentative conclusions can be drawn which may 
serve as a basis for discussion. 

In the first place, readings taken in steel and 
glass furnaces at various positions across the width 
of the furnace and close to the slag surface, suggest 
a distinction between the general furnace radiation 
H, and the flame radiation H)+ AH (AH is a 
positive quantity). The general furnace radiation 
H, is that measured (1) when the flame is off, (2) 
when the meter is near the roof and facing it, or (3) 
when it is near the charge, but not under the in- 
tense part of the flame. In the glass-tank 
furnace (Fig. 13) H, has the value 61,000 C.H.U./ 
sq. ft./hr., and in the steel furnace (Fig. 29(5) ) 
about 100,000 C.H.U./sq. ft./hr. This general 
furnace radiation corresponds closely to the 
radiant temperature of the melted glass in the one 
case and to that of the slag surface in the other. 
Hence the only useful heat transfer to the already- 
melted materials is that which occurs where the 
flame radiation exceeds this “null value” by an 
appreciable quantity, 2.e., where AH is appre- 
ciable.18 This conclusion is confirmed by the 
readings taken with the instrument facing down- 
wards, which indicate that the net heat transfer is 
very small except in the regions where the flame 
radiation appreciably exceeds that of the general 
furnace. In a recent paper Fisher mentions that 
he has measured the radiation from a hole in the 
door with a total-radiation pyrometer, and adds 
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“the difference between the high and low readings 
represents the amount of heat transferred from 
the flame to the bath.” 

We shall attempt to draw some conclusion from 
the experiments as to the important quantity AH. 
The producer-gas flame is long and at the out- 
going end usually gives an appreciable value for 
Ad right across the furnace. This agrees with 
the expectation that the flame would spread as a 
jet with the well-known Tollmien angle 4° and that 
combustion is governed by the drawing into the 
gas-jet of the slower-moving air.14 In one case 
(a curve obtained at the Samuel Fox works) the 
quantity AH is actually greater at the outgoing 
than at the incoming end. With creosote pitch 
the value of AH at the incoming end exceeds that 
at the outgoing end by an amount greater than 
with producer gas. 

The results of the distribution of radiation at the 
incoming end (Fig. 13 for the glass-tank furnace 
and Fig. 23 for the open-hearth furnace) are even 
more interesting. ‘They indicate that combustion 
takes place in the gas-jet but not in the air stream ; 
for example, in the open-hearth furnace (where the 
air surrounds the gas) the radiation only exceeds 
that of the general furnace under the gas, so that the 
area of the bath under the air is wasted. Similarly, 
in a glass-tank furnace the area between the ports 
is useless for heat transfer. This conclusion that 
combustion takes place in the gas-jet and not in 
the surrounding air space is again in agreement 
with the theory of jets, which indicates 15 that a 
high-velocity jet issuing from an orifice draws in the 
surrounding gas and in so doing gradually dis- 
sipates its own kinetic energy. A tentative, but 
possibly important, suggestion relating to the 
design of steel furnaces arises from the fact that 
just where the flame has the best radiating power 
(the first half of its path in the furnace) it is con- 
fined to a relatively small useful heat-absorbing 
area, say, the central one-third of the bath. A 
wider flame would increase the useful heat 
absorption of a bath of given size very appreciably. 

A further conclusion can be drawn relating to the 
quantity AH. During the melting period of the 
steel furnace, and in the region of unmelted batch 
of a glass furnace or, in fact, in any furnace where 
the roof temperature appreciably exceeds the 
charge temperature, good heat transfer can be 
obtained with a flame which merely suffices to 
keep the furnace up to temperature. During the 
refining period of a steel furnace or over the melted 
glass in a glass-tank furnace, on the other hand, it 
is clear from these results that the difference. 
between a good and bad flame lies entirely in the 


_ part by which it exceeds the general furnace radia- 


tion, which may be relatively small. Hence, a 
small percentage increase in the flame radiation, 
whether it results from an increase in temperature 
or in emissivity, is of very great importance. 
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Methods of Increasing the Heat Transfer to the 
Charge without Increasing that to the Crown.— 
In the high-temperature reversing furnace one 
of the greatest problems is that of increasing the 
heat transfer to the charge without overheating 
the crown. This is especially true in the open- 
hearth furnace, where there is only some 50° C. 
difference between the working bath-temperature 
and the melting point of the crown. The results 
already given and the evidence set out in Appendix 
IV. suggest that convection is unlikely to be re- 
sponsible for more than 10% of the heat transfer 
and hence is relatively unimportant. The aim of 
the usual port system is to produce a jet of high- 
velocity flame projected downward on to the charge 
in order to obtain a greater heat-transfer coefficient 
by convection to the charge than to the crown. 
However, since radiation is probably responsible 
for 90% of the actual heat transfer, the crown will 
be subjected to an effective flame temperature 
almost identical to that which heats the charge, the 
intervening layer of air being almost completely 
transparent. Moreover, this air has a relatively 
low velocity, so that even if it is much cooler 
than the flameit will not cool the crown appreciably 
by convection. This form of cooling is greatly 
to be preferred to external cooling since heat taken 
up by the air inside the furnace would later be 
available to the flame. 

This leads to a tentative suggestion as to how 
the crown might possibly be kept at the present 
temperature while the heat transfer to the charge is 
increased. This is most likely to be achieved by 
interposing a blanket of cooler non-transparent gas 
between the hottest part of the flame and the 
crown. One possible way of doing this would be 
to allow the gas to pass along the furnace in a slow- 
moving thick stream while the air is introduced, 
so as to give rapid mixing in two or three separate 
streams along the furnace just above the charge 
level. In this way a luminous, cooler flame would 
be interposed between the very intense local flames 
and the crown. It is recognized that such an 
arrangement would offer very great practical 
difficulties, but it is no more revolutionary than a 
proposal made in last year’s American Open- 
Hearth Conference 1® to have multiple air—oil 
burners along the sides of the furnace. However 
this may be, the main purpose of the present 
paper is to show the kind of information that can 
be obtained with a heat-flow meter, in the hope 
that others will build and use such instruments, 
thereby obtaining information of value to the 
- furnace-using industries. 


ACKNOWLEDGMENTS. 


The authors have pleasure in acknowledging the 
help and encouragement they have received from 
the following: Dr. R. J. Sarjant, who originally 


drew attention to the need for an instrument 
capable of measuring heat flow in industrial 
furnaces; Messrs. John Summers & Co., Ltd., and 
Mr. F. L. Robertson and Mr. C. W. J. Crawford 
who provided facilities for the work carried out at 
Shotton; Messrs. Samuel Fox & Co., Ltd., and 
Mr. Crooks and Mr. Tyler, who allowed the 
experiments to be carried out at Stocksbridge ; 
Mr. Wardley of the Rockware Glass Syndicate who, 
as Chairman of the B.C.U.R.A. Heat-Flow-Meter 
Panel, has been a source of inspiration throughout 
the work and who, with his colleague, Dr. Gooding, 
has given much practical advice on the question 
of design; The United Glass Bottle Manufac- 
turers, Ltd., and members of their Research 
Laboratory and Works Staff; Dr. M. Fishenden, 
who has given valuable advice on the theory of the 
instrument; Mr. Dall of Messrs. George Kent, 
Ltd., and Mr. Forster of B.C.U.R.A. who have pro- 
vided valuable assistance with the design of the 
instruments and auxiliary apparatus employed in 


the investigation; and Mr. Cooper of B.C.U.R.A. 


for assistance in editing the paper. 


Appenprx I.—Checks on the Absolute Accuracy of 
the Instrument. 


Although once the thermocouples and flow gauge 
have been calibrated the instrument itself con- 
stitutes an absolute radiometer, it was thought 
useful to compare its readings with the temperature 
readings obtained in a black-body enclosure. For 
this purpose it was necessary to obtain an en- 
closure which could be heated to a temperature 
exceeding 1200° C., while being substantially 
uniform in temperature, and which was large 
enough not to be appreciably cooled by the in- 
sertion of the instrument. 


'. The furnace used was a small high-temperature 


coke furnace having an inner chamber, which was 
approximately a 2-ft. cube, with fuel at the base. 
By shutting off the air and closing the gas vent, 
fairly uniform temperatures could be attained 
within the chamber. . The furnace possessed a 
fairly large heat capacity in relation to its size. 

The furnace was heated up to about 1450° C. 
and then the instrument was inserted to a distance 
of 6 in. with the calorimeter facing one of the 
vertical walls. After conditions had become 
fairly steady the air supply was turned off and 
readings of the instrument and of the furnace 
temperature were taken as the furnace cooled 
down. The temperature of the furnace was 
measured on the wall facing the calorimeter, in 
two places with an optical pyrometer and in two 
other places with platinum thermocouples. 

The principal sources of error are: (1) The 
measurement of the temperature (possible error 
up to about -+-3%), and (2) uneven temperature 
distribution in the furnace. Also, the insertion 
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of the cold instrument into the chamber causes the 
black-body conditions to be upset, but it is not 
anticipated that the resultant error is very great. 
The tests, the results of which are given in 
Table III., show that the instrument reading is 
usually below the calculated value; this would be 
expected, as the surface of the calorimeter can 
never be perfectly black. However, the tests 
show that if the instrument is assumed to have an 
emissivity of 96%, then the readings can safely be 
taken to have an absolute accuracy well within 
+34%. The relative accuracy of readings taken 
one after the other with the calorimeter facing 
first up, and then down, is very much better than 
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to a pair of regenerators, one for air and the other 
for gas. The flames pass for 4 hr. in one direction 
across the furnace and for the next } hr. in the 
reverse direction. The furnace temperature is 
controlled by varying the quantity of gas con- 
sumed. The gas enters below the air so that the 
hydrogen, which tends to rise, will produce more 
efficient mixing and combustion. 

The crown, which is insulated, is built up of a 
12-in. thickness of silica arch, spanning the whole 
width of the furnace. 

The batch is introduced at }-hr. intervals through 
a special door in the “ melting end ”’ from a cham- 
ber called the “ dog-house.” This batch floats in 


Taste IlI.—Comparison of Actual Reading and Calculated Values. 


Furnace Temperatures, °O. 
Calculated Measured, 
Time. Optical Pyrometers. Thermocouples. Mean Temp., °C. O.H.U. x C.H.U. x Percentage 
10°/sq. ft./hr. 108/sq. ft./br. Difference, 

No. 1. = No. 2. No. 1 No. 2. 

1290 1310 1325 1238 1290 60 

1260 1270 1310 1234 1268 56-5 

1270 1280 1297 1234 1270 57 

1270 1270 1275 1230 261: 55 

1250 1255 1250 1230 1246 53 

1210 1220 1245 1225 1225 50 

1200 1295 1238 1215 1237 51 

1180 1180 1215 1200 1194 46 

1160 1150 1200 1185 1174 43 

1170 1160 1185 1177 1173 43 

1400 1350 1245 1200 1300 62 

1340 1260 1245 1200 1280 58 

1280 1230 1230 1238 1245 53 

1260 1220 1223 1193 1225 50 

1250 1210 1215 1185 1215 49 

1240 1210 1200 1185 1210 48 

1230 1210 1200 1178 1205 47 

1230 1220 1185 1178 1203 47 

1210 1200 1170 1170 1190 44 

1200 1190 1155 1163 1175 43 

1190 1150 1150 1155 1160 42 

1170 1130 1135 1140 1145 40 


this. Hence it is probable that where the differ- 
ence between these two readings is 10% of one of 
them, the accuracy in determining the difference is 
of the order of +10% (i.e., 1% of the separate 
readings). 


Appenpix II.—Description of a Glass-Tank Fur- 
nace of the Type used in the Authors’ Expervments. 


The furnace (Fig. 11) is fired by producer gas 
generated from bituminous coal in a separate gas 
_ producer. Both air and gas are preheated in brick 
regenerators to a temperature of between 900° and 
1200° C. The furnace is also arranged so that it 
can be converted to creosote-pitch firing in an 
emergency, or when the gas-producer equipment 
requires cleaning. The melting chamber is rect- 
angular in plan, with three gas—air ports in each 
side wall. Each of the two sets of ports is connected 


piles on the surface of the molten glass. The depth 
of the glass in the furnace is about 42 in. and the 
finished glass is drawn through a throat at the 
opposite end. The general flow of material is thus 
at right angles to the three flames, but the floating 
piles of batch move in a rather random manner. 


Apprenpix III.—Comparison of Different Operating 
Conditions at the two Steelworks. 


Works of Messrs. John Summers & Sons, Lid., 
Shotton. 


Fig. 17 shows the port designs used during the 
period covered by the paper. All the furnaces 
tested were constructed as shown in Fig. 17(a), 
except furnace R, which was arranged as indicated 
in Fig. 17(b) until July, 1944, when it was brought 
into line with the others. The gas port is roughly 


64P BAULK AND THRING: 


18 in. sq., and the air enters on both sides of it, but 
not over the top. The reversals of the flame 
direction take place according to time, the usual 
duration of a half-cycle being 10 min., but in some 
cases this is extended to 12 min. 

The crown temperature of all furnaces is re- 
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furnaces are fitted with a single pyrometer, which 
is sighted on the centre of the crown midway 
between the two ports. Fig. 32 shows a single- 
pyrometer roof chart. 

The melters have instructions to raise the’ roof 
temperature as quickly as they can to the highest 
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Fic. 32.—Typical Roof Chart, using Single Pyrometer. 


corded by means of a total-radiation pyrometer 
attached to an automatic recording potentiometer 
or millivoltmeter. Most furnaces have two pyro- 
meters, one being sighted on each end of the crown, 
but both recording on a single chart such as that 
shown in Fig. 31, which is typical of the curves 
obtained during a melt. The remainder of the 


safe temperature (1640° C.) and to maintain it as 
far as possible at that value throughout the period 
from “level” to “tapping.’’ On furnaces fitted 
with two pyrometers, the melter has to aim at 
maintaining the readings of both at this tem- 
perature, without permitting either to exceed it, 
and with good operation it is possible to keep to 
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within 20° C. The pyrometers are calibrated 
against a disappearing-filament pyrometer at 
intervals of approximately 4 hr. 

The amount of slag required to reduce the 
sulphur content of the resulting steel to the desired 
percentage is largely dependent on the quantity 
of silica present. The John Summers works 
find that they require a slag depth of 9 in. 

All furnaces are fitted with three water-cooled 
doors through which the charge is introduced. 
Kach of these doors has two sight-holes, situated 
at approximately 1 ft. and 4 ft. above the slag 


Cu. ft. x 10°/ hr, 
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Fig. 33.—Typical Gas Chart. 
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Fic. 34.—Typical Air Chart. 


surface. In general, the only purposes for which 
the doors are raised are for charging, feeding, 
sampling, and stirring. Only in comparatively 
exceptional circumstances are the doors raised for 
examination of the furnace conditions, most of 
which can be done through the sight-holes. 

Many of the furnaces are fitted with small 
“ port ”’ doors, about 2 ft. sq., situated just in front 
on the gas port. In the earlier tests this door also 
was water-cooled, but later a brick door was 
substituted. _ 

Typical air and gas charts obtained during the 
period of insertion of the heat-flow meter are 
shown in Figs. 33 and 34. 

1946—i 


A HEAT-FLOW METER FOR USE IN FURNACES. 


65 P 


Works of Messrs. Samuel Fox & Co., Ltd., 
Stocksbridge. 


The gas port is built into a Venturi-shaped 
throat, through which the combustion air is 
supplied. The method differs from that used at 
the John Summers works in that air is introduced 
above the gas port as well as on either side. 

The general rule is that reversal of flame 
direction is carried out according to the tempera- 
ture of the checkers, but owing to rapid changes in 
the working of the charge, particularly during 
refining, this cannot be strictly enforced. 

A total-radiation pyrometer is sighted on to the 
centre of the crown midway between the two ports, 
as at the John Summers works. This pyrometer 
is at present in the experimental stage, and is not 
intended to serve as a control instrument. 

The slag thickness used is of the order of 24 in., 
which is very much less than that required by the 
John Summers works, but the area of the hearth is 
greater, being about 420 sq. ft. for roughly the 
same capacity. 

The furnace on which the tests were carried out 
was fitted with five doors, the two outer ones of 
brick, and the remaining three water-cooled. The 
doors, being without sight-holes, had to be opened 
each time to check the furnace conditions. 


AppEenpDix IV.—Calculated Heat Transfer in the 
Open-Hearth Furnace. 


Radiation. 


The radiation values from a black body at T° C. 
and from a flame at 7° C. with an emissivity of 
0-5, backed by a black wall at 1600° C., are given 
in Table IV. 


TaBLE IV.—Radiation from a Black Body and a 
Flame of Emissivity 0-5, both at T° C. 


Total Downward | 


Radiation from Flame of 
Bmissivity 0-5 and Crown a 
1600° O., O.H.U./saq. ft./hr. 


Black-Body Radiation, 
O.H.U./sq. ft./hr. 


69,000 

79,000 
100,000 
113,000 
125,000 
138,000 
159,000 
169,000 
187,000 
226,000 
270,000 


125,000 
131,500 
139,000 
147,000 
156,000 
176,000 
198,000 


By the use of this Table the radiation from a 
flame to a charge which is at 1600° C. has been 
calculated as a function of flame temperature, with 
the results given in Table V. (H is the effective 
emissivity of the combination of flame, crown, 
and charge.) 


Fr 
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Convection. 


It is usually assumed that the coefficient of 
convection in a furnace is independent of the gas 
velocity. For example, Schack 1” gives a figure 
of 1-5 C.H.U./sq. ft./hr./°C. for the convection in 


Taste V.—Calculated Radiation from a Flame at 
T° C. and Various Emissivities. 


Net Radiation to Charge, O.H.U./sq. ft./hr. 
Temp. (7) of 
Flame, °C. 
£ = 0-5. E = 0-7. Bie =2O-oe 
1650 6,600 9,100 12,000 
1700 14,000 19,600 25,000 
1750 22,800 31,900 41,000 
1800 31,100 43,000 56,000 
1850 40,300 56,500 72,300 
1900 50,500 70,600 91,000 
1950 61,200 85,600 101,000 
2000 73,000 102,000 131,000 


an open-hearth furnace. A more reasonable 
assumption would seem to be the use of the 
formula for heat transfer by forced convection 
to a plate,1® namely : 

« = 0-52V%78 B.Th.U./sq. ft./hr./°F., 
or a rough surface in air at 68°F. For hot gases 


Taste VI.—Net Heat Transfer to Charge by 
Convection, in C.H.U./sq. ft./hr. 


Flame Temp.,°O.| V = 20 ft./sec. V = 40 ft./sec. V = 60 ft./sec. 
1650 100 170 230 
1700 200 340 460 | 
1750 300 510 690 
1800 400 680 920 
1850 500 850 1,150 
1900 600 1,020 1,380 
1950 700 1,190 1,610 
2000 800 1,360 1,840 


at 1600° C., it follows from similarity theory that 
. k 0-22 (g 0-78 
a will be altered by the factor eS ( ) f 


iy) \ 
which is of the order of 0-37. 
In this way values of a were calculated for three 


mean hot-gas velocities such as are likely to occur 
in practice. It was found that for V = 20, 40, and 
60 ft. /sec., respectively, the corresponding values of 
a were 2:0, 3:4, and 4-6 C.H.U./sq. ft./hr./°C. These 
values are somewhat higher than those of Schack. 
Table VI. gives the values of the heat transfer 
by convection corresponding to these velocities 
and to the same temperatures as Table V. 

A comparison of Tables V. and VI. shows that 
the heat transfer by convection will be between 
1 and 3% of the total, but will probably be 
nearer 1 than 3%. 


REFERENCES. 


1. Hasse: Archiv fiir Warmewirtschaft und Dampf- 
kesselwesen, 1932, vol. 12, p. 317. 

2. STOFFREGEN: Archiv fiir das EHisenhuttenwesen, 
1932-33, vol. 6, p. 271. 

3. Crorr and ScumaRrJe: Transactions of the American 

Society of Mechanical Engineers, 1935, vol. 57. 
p. 105. 

4. OrRoK: ibid., 1925, vol. 47, p. 1148. 

5. WoHLENBERG and Morrow: ibid., 1925, vol. 47, 

oe oe 

6. Crort and ScHMARJE: ibid., 1936, vol. 58, p. 117. 

7. Horrer, Meyer, and Stewart: Industrial and 

Engineering Chemistry, 1936, vol. 28, p. 708. 

8. StyRikowirscH : Technical Physics of the U.S.S.R., 
1936, vol. 3, p. 197. 

9. Kazantsev: Stal, 1939, No. 9, p. 25. 

0. FISHENDEN and SaunpERS: ‘“ The Calculation of 
Heat Transmission,” p. 141, formula (51). Lon- 
don, 1932: H.M. Stationery Office. 

11. Lewis and von ELBE: Journal of Applied Physics, 

1940, vol. 11, p. 698. 

12. ScHOoFIELD and GrAcE: The Iron and Steel Institute, 
1939, Special Report No. 25, p. 239. 

13. Goopine and Turina: Transactions of the Society 
of Glass Technology, 1941, vol. 25, p. 21. 

14. Fisoer: American Institute of Mining and Metal- 
lurgical Hingineers, 1944, Open-Hearth Proceedings, 
p. 116. 

15. Davis: Transactions of the Institution of Mechanical 
Engineers, 1937, vol. 137, p. 11. 

16. Sem: American Institute of Mining and Metallurgical 
Engineers, 1944, Open-Hearth Proceedings, p. 59; 
Industrial Heating, 1944, vol. 11, p. 1289. 

17. ScHack: Mitteilungen der Wdrmestelle, 1923, No. 55. 

18. FisHENDEN and SaunpERS: ‘“ The Calculation o 
Heat Transmission,” p. 141, formule (49)-(51). 
London, 1932: H.M. Stationery Office. 


For Discussion on this Paper, see the Journal, 1946, No. I. 


——— 


Ye ee or ee ee 


: 
3 
: 


( 67P ) 


THE REMOVAL OF HYDROGEN FROM STEEL.* 
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Paper No. 22/1946 of the Alloy Steels Research Committee (submitted by the Hair-Line Crack Sub- 
Committee). 


(Figs. 10 to 13 = Plate II.) 
(Figs. 50 to 57 = Plates III. and IV.) 


SYNOPSIS. 


A systematic investigation of the removal of hydrogen from a number of steels under isothermal 
conditions has been carried out, and it 1s shown that, for all steels, the rate of removal in the intermediate 
range 1s high, and that, for certain steels, there is also a peak on the removal curve corresponding to 
transformation in the pearlitic region. The law governing hydrogen removal in the austenitic range has 
been determined expervmentally, and the empirical relationship supported by theoretical treatment. The 
effect of transformation upon the removal of hydrogen is illustrated, and the effect of specimen size is also 
dealt with. It is shown that small partial pressures of hydrogen surrounding the steel at 1100° C. exert 
a considerable retarding effect upon the removal of hydrogen, although, as might be expected, this effect 
becomes quite small at 650° C. ; 

In the presence of hydrogen the transformation of a nickel-chromium—molybdenum steel was retarded 
in the range 600-450° C., but little effect was observed at lower temperatures. Comparison of the rate of 
diffusion of hydrogen through similar specimens of different steels showed that alloying elements have little, 
if any, effect upon the diffusion constant. This was confirmed in the austenitic range by the results obtained 
for the law of hydrogen removal. The evolution of hydrogen on cooling was followed, and it was found 
that the maximum rate of evolution corresponded to the end of the thermal transformation. 

The mechanical properties of a large number of steels have been determined after treatment in hydrogen 
and nitrogen, and it is shown that the embrittling effect of hydrogen is apparent in all cases where the 
hydrogen content is 1-0-3-0 c.c./100 g. 

In connection with the work on the removal of hydrogen, much evidence has been obtained upon the 
formation of hair-line cracks under various conditions. It was found that such cracks could appear in 
the absence of transformation stresses, and that these stresses are important mainly in that they determine 
the particular crack distribution which results. Although no cases were observed of internal crack formation 
in the absence of hydrogen, certain specimens showed no cracks in spite of a high hydrogen content. The 
view of the hydrogen-rich constituent put forward in a previous paper has been modified, in that it is not 
now considered to be necessarily austenitic ; it 1s realized that at the moment of crack formation the steel 
will be in an extremely britile condition, owing to its hydrogen content. The exact nature of the hydrogen- 
rich constituent cannot be given, nor can a detailed explanation of. hair-line crack formation be eapected, 
until the much wider problem of low-alloy steels in general is more thoroughly understood. 


Tue discussion to which an earlier paper! gave 
rise showed that most steelmakers were aware of 
the detrimental effect of hydrogen upon steel, 
and that the question of the removal of hydrogen 
by heat-treatment was one of immediate practical 
importance. 

The work now to be described was undertaken 
in order to determine the temperature at which 
hydrogen could most readily be removed, and in 
what way this temperature depended upon the 
composition of the steel. At the same time 


much information has been obtained concerning 
the formation of hair-line cracks, particularly under 
conditions not investigated in the earlier work. 

All experiments have been carried out on 
normal commercial steels, the analyses of which 
are given in Table I. 


HyproGcEen REMOVAL BY ISOTHERMAL 
TREATMENT. 


Although many workers have suggested in- 
volved heat-treatments for the prevention of hair- 


* Received August 13, 1945, This paper is published by authority of the Alloy Steels Research Committee. 
The views expressed in it are the authors’ and are not necessarily endorsed by the Committee as a body. 
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line cracks, little work appears to have been re- 
ported in which the effect of heat-treatment has 
been systematically explored from the point of 
view of hydrogen removal. The simplest methods 
suggested for the prevention of hair-line cracks 
have involved slow cooling of the billet or forging 
after hot-work, but the rate of cooling necessary 
for a given steel of a definite cross-section has 
been determined only as a result of experience. 
When a new steel has been introduced, much work 
has been necessary before the minimum heat- 
treatment for the prevention of cracks could be 
specified. Owing to the uncertainty of the 


likely to be of wider practical application if the re- 
moval of hydrogen was investigated at constant 
temperature rather than at different rates of cooling. 
For the investigation of hydrogen removal under 
isothermal conditions, it was considered that : 


(1) Two specimens of the same steel should 
be prepared with an equal hydrogen content. 
This hydrogen content should be at least 
5 c.c./100 g. of steel (this notation will be 
used throughout). 

(2) The specimens should be quenched in a 
lead or salt bath of sufficient capacity to ensure 


TaBLE I.—Analyses of Steels Used in the Expervments. 


Steel. 0, %. Si, %- Mn, %. P, %. 

4S11 4 5 0-33 0-22 0:57 0-027 

FA 5 , 0-29 0-20 1-45 0-019 

CM : é 0-19 0-20 0-54 0-013 

HD : : 0-24 0-24 0-52 0-019 

NV : : 0-46 0-23 0:67 0-027 

V30 . 0-27 0-23 0-63 0-015 Nee 
K6 ‘ : 0:61 0-28 0-73 0-032 , 5s 
S69 5 < 0-44 0-30 0:68 0-010 ae 
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hydrogen content of steel ingots and the com- 
plex nature of steelworks practice, it is extremely 
difficult to make a direct comparison between 
steels of different compositions and their sus- 
ceptibility to hair-line crack formation. This may 
account for the divergent opinions expressed by 
prominent steelmakers as to the best treatment for 
the prevention of hair-line cracks in specific cases. 

Bearing these facts in mind, it was desirable 
to develop an experimental technique by which 
it would be possible to follow the removal of 
hydrogen from different steels during heat-treat- 
ment under laboratory conditions. It was con- 
sidered that the experimental conditions could be 
controlled more rigorously and that the results were 


rapid cooling without an undue rise in tempera- 
ture of the bath. 

(3) The time allowed to elapse before the 
first specimen is quenched from the lead or 
salt bath should be sufficient to ensure that 
when the hydrogen content is determined it 
may be regarded as the initial content of the steel 
at the temperature of isothermal treatment. 

(4) The second specimen should be held in the 
isothermal bath for a suitable period of time 
and then quenched in brine to enable the 
“ final’ hydrogen content to be found. 


These requirements have been fulfilled by the 
following experimental arrangements : 
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THE REMOVAL OF HYDROGEN FROM STEEL. 


Specimen. 


The size of specimen which had proved most 
convenient in previous work was a cylinder of 
1?-in. dia. by 2 in. long, and this size has been 
adopted as standard in the present work except 
where otherwise stated. It has been found that 
by soaking such specimens in hydrogen at 1100° C. 
for 24 hr., hydrogen contents of at least 6 c.c./ 
100 g. can be obtained with most steels. 


Soaking Furnace. 


The furnace used for soaking two specimens at a 
time is wound over a length of 18 in. and the 
temperature is automatically controlled by a 
potentiometric regulator. The degree of repro- 
ducibility obtained in the soaking conditions is 
indicated by the fact that when four specimens 
of 3% chromium—molybdenum steel were treated 
individually in two different furnaces and water- 
quenched, the hydrogen contents, determined in 
the manner outlined below, were 7:65, 7:68, 7-77, 
and 7-79 c.c./100 g. 


Isothermal Bath. 


For temperatures between 150° and 450° C. an 
electrically heated salt bath was employed; for 
those in the region 450-750° C., an electrically 
heated lead bath was used. The salt bath con- 
tained 1 cwt. of a commercial salt melting at 
135° C., and the lead bath 3 cwt. of lead. The 
total heat capacity of each bath was such that 
the rise in temperature on quenching two standard 
specimens from 1100° C. was not more than 10° C. 
By starting with the bath temperature slightly 
low, it was possible to ensure that after quenching 
the bath was within 5° C. of the required 
temperature. 


Time in Isothermal Bath. 


When a specimen of the standard size is quenched 
in lead or salt, some 4 or 5 min. must elapse before 
temperature conditions become steady. Since it 
was desired to know how much hydrogen was 
removed actually at the temperature of the iso- 
thermal bath, it was considered necessary to allow 
10 min. for the attainment of steady temperature 
conditions before quenching the first specimen. 
Depending upon the transformation characteristics 
of the steel, a greater or lesser amount of hydrogen 
will be lost by both specimens during the first 
10 min., and this accounts for the fluctuating 
values of “initial”? hydrogen content observed 
in the experimental work. 

Preliminary experiments showed that a peroid 
of 5 hr. in the isothermal bath at the optimum 
temperature was sufficient to reduce the hydrogen 
content to very low values, whilst leaving sufficient 
hydrogen under other conditions to bring out the 
effect of temperature upon the hydrogen removal. 
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This time was adopted as standard for all experi- 
ments in which standard-sized specimens were 
used. It might have been thought advisable 
to leave the second specimen in the isothermal 
bath until a definite percentage of the austenite 
had transformed, but insufficient information 
was available concerning the isothermal trans- 
formation characteristics of the steels employed, 
particularly for large specimens with large grain- 
size and a high hydrogen content. 


Determination of Hydrogen Content. 


As a result of work described in a previous 
paper ! it was found convenient to place freshly 
quenched specimens under paraffin, for the follow- 
ing reasons : 

(1) Hydrogen determinations based on the 
vacuum-heating of freshly quenched specimens 
are liable to error, as a variable loss of gas is 
caused by removing the oxide scale from specimens 
immediately after quenching, when hydrogen 
evolution at room temperature is fairly rapid. 

(2) Since the work is primarily concerned with 
hair-line crack formation, the experiments should 
be planned so that the susceptibility of each steel 
to crack formation under various conditions can 
be assessed; the specimen should therefore be 
kept at room temperature for a period sufficient 
for the cracks to develop. Experience had 
indicated that ageing for 1 week was adequate 
for specimens of standard size, and that at the end 
of that time the rate of hydrogen evolution at 
room temperature was generally small. 

(3) Although facilities were improved later on, 
it was at first only possible to carry out one 
vacuum-heating determination of hydrogen at a 
time and, with the large number of specimens 
involved in this work, it proved useful to regard 
the paraffin tubes as a reservoir from which to 
draw specimens for hydrogen determinations as 
and when convenient. 

After a week in paraffin the specimens were 
freed from surface oxide, washed thoroughly in 
acetone, and transferred to a vacuum furnace 
fitted with a differential oil-manometer. When 
the pressure indicated on a McLeod gauge was 
0-001 mm. of mercury or better, the system was 
isolated from the Hyvac rotary oil-pump, and 
heating was commenced. The time taken to 
reach 650° C. was 1 hr., and a further period of 
2 hr. was allowed at this temperature; the speci- 
men was then allowed to cool down in the furnace. 
The amount of hydrogen evolved was calculated 
from the oil-manometer reading at room tempera- 
ture and the analysis of a sample of gas extracted 
by means of a Tépler pump. The total hydrogen 
content of the specimen was given by the volume 
collected over paraffin plus the amount evolved on 
heating. : 
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From time to time, specimens were reheated 
in the vacuum furnace to discover how much 
hydrogen was left after the first extraction. In 
all cases the figure was low; the following ex- 
ample may be regarded as typical. A specimen 
of the manganese—nickel-chromium—molybdenum 
steel, X, water-quenched after 24 hours’ treatment 
in hydrogen at 1100° C., had a total hydrogen 
content of 6-46 c.c./100 g., of which 5-26 c.c./ 
100 g. were evolved during the first vacuum heat- 
ing. When a second extraction was carried out, 
the volume of gas was too small to allow a sample 
to be collected for analysis, but, assuming that 
the gas was 100% hydrogen, it would correspond 
to 0:06 c.c./100 g. On the basis of previous 
experience and the appearance of the discharge, 
it can be said that the actual hydrogen content of 


Nickel-Chromium—Molybdenum Steel, 4811. 


Only a small quantity of this steel was available 
and the investigation was confined to the tempera- 
ture range 325-600° C., inclusive. The standard 
conditions were adhered to, except that the speci- 
mens were soaked for 45 hr. in hydrogen instead of 
the 24-hr. period adopted in later work. The re- 
sults are given in Table II. 

The hydrogen contents of the initial and the final 
specimens are plotted against the temperature of 
isothermal treatment in Fig. l(a), and it will be 
seen that the final hydrogen content is at a mini- 
mum at 450°C. The initial content is not constant 
with temperature, probably owing to the loss of 
hydrogen during the first 10 min., whilst the 
specimens are attaining the temperature of the 


TaBLE II1.—Isothermal Removal of Hydrogen from Ni-Cr—Mo Steel, 4811. 


the gas evolved during the second extraction was 
certainly less than 50%, so that the hydrogen 
evolved on second extraction was probably less 
than 0-03 c.c./100 g. 

The difference between the initial and final 
hydrogen contents, which gives the amount of 
hydrogen removed during isothermal treatment, 
was determined and expressed as a percentage of 
the initial content. This percentage has been re- 
garded as a measure of the efficiency of hydrogen 
removal at the corresponding temperature. 

After heating for hydrogen determination the 
specimens were sectioned transversely and ex- 
amined for cracks by the magnetic crack detector 
and by etching with ammonium persulphate. 

As a general rule the isothermal treatment was 
carried out at 50° C. intervals, from 150° to 
750° C., inclusive, but closer intervals were 
employed where necessary. When it was re- 
quired to investigate hydrogen removal at 850° 
and 1100° C., a slightly modified procedure was 
adopted. Treatment at 1100° C. was carried out 
in the soaking furnace, the hydrogen atmosphere 
being replaced by nitrogen as soon as the first 
specimen had been quenched. For work at 
850° C. an electrically heated muffle was employed, 
and the two specimens were allowed to cool in air 
to 850° C. before one was quenched and the other 
placed in the muffle for 5 hours’ treatment. 


Initial Specimen (10 min. in bath). Final Specimen (6 hr. in bath). 

Temp. of H, Removed 
Isothermal during 33 
RE EN Description of Cracks. ‘cftOg, | woke aiaee a 

600 4-64 Radial. 4:28 Radial. 
550 5-23 _ 3:48 Pr 

500 6:37 ai 2-59 No eracks. 
450 4-67 Deep-seated random with a few radial. 0-59 +; 

420 4-92 Deep-seated random. 0:78 33 

350 4-38 Es 5 1-43 “3 

325 4-29 2 “5 1-46 * 


lead bath. This makes it desirable to measure 
the efficiency of hydrogen removal in terms of the 
initial hydrogen content, and this has been done 
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Fie. 1.—Isothermal Removal of Hydrogen from 4911. 
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in Fig. 1(6), where the amount of hydrogen re- 
moved is expressed as a percentage of the initial 
content and plotted against the temperature of 
treatment. 

It will be seen that the percentage of hydrogen 
removed rises from about 8% at 600° C. to approxi- 
mately 87% at 450° C. As the temperature of 
treatment is further lowered, the efficiency of 
removal falls off, so that at 325° C. about 65% 
is removed. It is of interest that after treating 
at 450° C. for 10 min., the cracks observed in 
the specimen consisted of a mixture of radial and 
deep-seated random cracks. Below this tempera- 
ture, only deep-seated, random cracks were 
observed, whereas above it the cracks were in- 
variably radial. There was little difference in 
the number of cracks observed in the specimens 
treated at 600° C., and this is in keeping with the 
small difference between the hydrogen contents. 


Nickel Steel, N22. 


While awaiting further supplies of 13-in. dia. 
steel, it was decided to carry out experiments on 
a nickel steel, N22. This was available in 1}-in. 
round bar, and specimens were machined to 1} in. 
dia. and 1} in. long. To allow for the smaller 
size of the specimens, they were removed from the 
isothermal bath after 5 min. and 2 hr., respectively. 
Apart from this, the standard treatment was 
followed throughout. The results are given in 
Table IIT. 


TaBLE II1.—Isothermal Removal of Hydrogen 
from Nickel Steel, N22 (Small Specimens). 


Final Specimen 
(2 hr, in bath). 


Initial Specimen 
(5 min. in bath). 


Temp. of H, Removed 
Tsothermal during 
mreaimnent, 0 -.| - er Ognterity H, Content, Eire Geel WCE 
c.c./100 g. e.c./100 g. 
650 5:20 2-12 
600 6-56 0-54 
550 2°75 0-66 
500 5-32 1:17 
450 3-88 0-25 
400 4-75 0-37 
350 5:24 0-15 
300 3-48 0-32 
250 3°51 0-43 
200 4-51 1-27 
150 4-00 1-55 


The hydrogen contents of the initial and final 
specimens are plotted against temperature of 
isothermal treatment in Fig. 2(a), and.it will be 
seen that the final hydrogen contents are very 
low in the range 250-450° C. The percentage 
of hydrogen removed during the isothermal 
treatment is plotted against temperature in Fig. 
2(b). In spite of the considerable fluctuations in 
initial hydrogen content, the shape of the curve in 
Fig. 2(b) is closely related to that of the final con- 


tent curve of Fig. 2(a), with maximum hydrogen 
removal in Fig. 2(6) corresponding to minimum final 
content in Fig. 2(a). The salient features of 
Fig. 2(5) are (i) the high rate of removal at 600° C 
(ii) the minimum in the curve at 550-500° C 
(ili) the high rate of removal from 450° to 250° C., 
and (iv) the rapid falling-off in hydrogen removal 
below 250° C. 

Specimens removed from the isothermal bath 
after 5 min. were sectioned, and examined for 


ake 


Ls 


O) 


OW 


4A 


Ww 


Hyarogen content, c.c.//00 9. 
Ny 


= 


ie) 


3 Final hydrogen 
content. 


200 300 400 500 600 
Temperature of isothermal 
treatment, °C. 


~ 
9) 
ie) 


® 
ie) 


in 2hr., %. 
ron 
[e) 


Hydrogen removed 


Fic. 2.—Isothermal Removal of Hydrogen from N22. 


cracks. Those isothermally treated at 650° and 
600° C. both showed many radial cracks, whilst 
the remainder of the specimens gave many 
“dots,” which had the appearance of etching 
pits. The distribution of these dots suggested 
that they might have a similar origin to the cracks. 
Thus, in the specimen treated at 450° C., the dots 
were deep-seated and in random distribution, 
but in specimens treated at 350° C. and below, 
all the dots were confined to an annular space 
normally occupied by radial cracks. Intermediate 
distributions were observed in the specimens 
treated at 400°, 500°, and 550° C. 


Manganese—Molybdenum Steel, FA. 


The work carried out on this steel conformed to 
the standard conditions described above, except 
that the specimens were soaked for 45 hr. in 
hydrogen. The results obtained are given in 
Table IV. . 

Initial and final hydrogen contents are plotted 
against temperature of isothermal treatment in 
Fig. 3(a), and it will be seen that the final hydrogen 
contents are very low in the range 500—250° C. 
Typical etched sections of initial specimens are 
reproduced in Fig. 10. After these experiments 
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had been carried out it was suggested that 
hydrogen removal would be most effective at 
625° C., at which temperature steel of this com- 
position transforms readily. As no more steel 
of 2-in. dia. was available, it was decided to carry 
out supplementary experiments using specimens 


with any certainty what percentage of the initial 
hydrogen content would have been removed at 
625° ©. if larger specimens had been available. 
The ratios between the percentage of hydrogen 
removed from large and small specimens are 1-14 
and 1-05 at 650° and 600° C. respectively. As-~ 


TaBLeE IV.—Isothermal Removal of Hydrogen from Mn-—Mo Steel, FA. 


Pemp. of Initial Specimen (10 min. in bath). Final Specimen (5 hr. in bath). i Hemonedaucien | 
lees Soper Treatment, %. j 
: r H, Content, c.c./100 g. Description of Cracks, H, Content, c.c./100 g. | Description of Cracks. i 
650 6-50 Radial. 1-12 No cracks. 82-8 q 
600 5-35 op 1:53 33 71-4 
550 3-85 4 2-08 bs 46-0 
500 5:83 Deep-seated, random. 0-50 By 91-4 
450 7-25 a 3 0-45 rs 93-8 
400 5:82 af of 0-47 3 91-9 i 
350 5:07 e “3 0:34 BS 93-3 
300 6-31 Radial and random mixed. 0-38 3 94-0 
250 5-02 Radial. 0-33 d 93-4 
200 4-15 5s 0-85 Ap 19°5 
150 4-68 x 1:37 Ae 70-7 


of 1}-in. dia. and 14 in. Jong, as steel of this 
diameter was available from the same cast. 
The specimens were soaked in hydrogen in the 
normal way and given isothermal treatment 
at 600°, 625°, and 650° C. The initial specimens 
were removed from the bath after 5 min., and the 
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Fia. 3.—Isothermal Removal of Hydrogen from fA. 


final specimen after 2 hr. The results obtained 
are given in Table V., together with the corre- 
sponding values obtained on the standard speci- 
mens at 600° and 650° C. 

Whilst it is clear that hydrogen removal is a 
maximum at 625° C., it is not possible to decide 


suming each of these values in turn, the correspond-. 
ing values of the percentage of initial hydrogen. 
content likely to be removed at 625° C. from the. 
large specimen were calculated and found to be- 
93-5 and 86-1% respectively. For the purpose. 
of completing Fig. 3(b), showing the relation. 
between percentage of hydrogen removed and 
temperature of isothermal treatment, the mean, 


TaBLeE V.—Isothermal Removal of Hydrogen, 
from Mn—Mo Steel, FA. 


Small Specimen. Large Specimen. 


Initial. 5-91 c.c./100 g. 
Final. 1:63 7 
Removed. | 72:4% 


6-50 c.c./100 g. |. 
be 


82-8 %, 


Initial. 
Final. 
Removed. 


4-76 c.e./100 g. 
0-86 


2? 


82-0%, 


Initial. 
Final. 
Removed. 


7-48 c.c./100 g. | 5-35 c.c./100 g. |, 
2-36 1-53 


9> 99 t 


71-5% 


68-5% 


value of 90% was assumed. The exact value to. 
be assigned to the percentage of hydrogen re- 
moved at 625° C. is not of great importance, since. 
in the range 450-250° C. some 94% is removed, 
so that even if hydrogen removal at 625° C. were. 
more effective than at 400° C. it could only be by 
a few per cent. Another point, to be borne in 
mind in assessing these results is that the maxi-. 
mum in the intermediate region spreads over a, 
temperature range of 250° C.., 
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THE REMOVAL OF HYDROGEN FROM STERL. 


3% Chromium—Molybdenum Steel, CM. 


The conditions which have been described as 
standard for isothermal work were observed in all 


respects for this steel. The results obtained 
are given in Table VI. 
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200° C., inclusive. A noteworthy feature of this 
steel is that the final hydrogen content is higher 
than in other steels examined, the minimum 
value recorded being 0-90 c.c./100 g., at a treat- 
ment temperature of 725° C. 


TasBLE VI.—Isothermal Removal of Hydrogen from 3% Cr—Mo Steel, CM. 


Initial and final hydrogen contents are plotted 
against temperature in Fig. 4(a), and the percent- 
age of initial hydrogen removed during the 
isothermal treatment is similarly presented in 
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Fic. 4.—Isothermal Removal of Hydrogen from CM. 


Fig. 4(b). According to these results, hydrogen 
removal is most effective at 725° C., and there is a 
range of 200° C. centred about 550° C. in which 
removal is low, followed by ‘a removal of from 
70 to 80% at temperatures between 400° and 


Temp. of Initial Specimen (10 min. in bath). Final Specimen (65 hr. in bath). 
Isothermal H, Removed 
oe Pi ontent 7 HE Gontent renters % 
. c.c./100 g. Description of Oracks. ant /100 g.’ Description of Cracks. 
800 6-12 2-78 54:6 | 
750 5:97 1:57 13°7 
725 6:72 0-90 No cracks. 86-6 
700 5-04 Many fairly long radial cracks. 1-00 80-2 
650 6:04 3-22 46-7 | 
600 5:92 3°74 8 radial cracks) mixture 36-8 
550 6:40 4-65 1 Sea = of short 27-3 
500 7:23 Very numerous shorter radial cracks. 5-11 ONT oy ap and long. 29-3 
450 5-48 2 radial cracks. 2-12 61-3 
400 6:03 No cracks. 1:55 74-3 i 
350 6-11 bes 1-43 76:6 
300 4-63 1 radial crack. 1-06 No cracks. 77-1 
are 7-29 Relatively few radial cracks, most ex- ae oe 
150 6-72 tending to the surface. 3.98 51-2 


2% Nickel-Vanadium Steel, NV. 


Using the standard conditions of experiment, 
the results reported in Table VII. and illustrated. 
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Fig. 5.—Isothermal Removal of Hydrogen from NV. _ 


in Figs. 5(a) and 5(b) have been obtained. with a , 
2% nickel—vanadium steel. 

The shape of the curve showing: the variation. 
of hydrogen removal with temperature (see Fig. 
5(b)) is almost identical with that reported for the . 
34% nickel steel, N22, the noteworthy features . 
being the high rate of removak between, 250° and * 
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Taste VII.—Isothermal Removal of Hydrogen from 2% Ni-V Steel, NV. 


Temp. of Initial Specimen (10 min. in bath). Final Specimen (6 hr, in bath). H, Removed 
Isothermal during 
Bree a Goatenk : H, Content rr eye 

0. bee Description of Cracks. ee j100 e. Description of Cracks. : 

1100 6-28 Many medium radial. 0-77 No cracks. 

700 5-17 Many medium radial, some random 2:75 Few radial cracks. 
around quenching crack. 
650 6-28 (2-45 Few radial and 1 or 2 ran- 61-0 
Many fine radial, some random around dom around quenching 
quenching crack. crack. 
600 5-20 0:60 No cracks. 88-5 
575 6:47 Many fine, long and medium radial 0-83 3 87-2 
cracks, 
550 6-09 3 quenching cracks, and mixture of 1-15 a 81-1 
short and medium radial cracks. 
525 5-48 Many medium to long, radial cracks. 1-67 Several fine, deep-seated 69:5 
Some random near quenching crack. random cracks. 
500 5-24 No cracks, but many pits. 1-07 No cracks. 79-6 
450 5-50 Many short radial, 1 deep-seated. 0-33 . 94-0 
400 4-97 Many short radial, and many deep- 0-22 3 95-6 
seated random. 
350 4-42 Many medium radial and many deep- 0-25 3 94-3 
300 4:75 seated random. 0-35 55 92-6 
250 5-06 No definite cracks, but many pits. 0-85 Be 83-2 
200 5-14 8 or 9 short radial cracks extending 2-06 2 59-9 
‘ almost to surface. 
150 6-12 2 medium, 1 long, radial extending 3-22 1 quenching crack, 2 deep- 47-4 
almost to surface. seated short random 
cracks. 


500° C. and in the neighbourhood of 600° C., and 
the less rapid removal near 550° C. 


Nickel-Chromium—Molybdenum Steel, V30. 


The removal of hydrogen from this steel has 
been investigated under standard conditions 
and the results are given in Table VIII., and illus- 
trated in Figs. 6(a) and 6(d). 

Two sets of hydrogen contents are given for a 
treatment temperature of 550° C. These were 
obtained in experiments separated by several 
weeks, and although the numerical values are 
different, the percentage of hydrogen removed 
during the 5-hr. treatment is 30% in each case. 

The curve showing the percentage of hydrogen 
removed, given in Fig. 6(6), indicates that (i) the 
optimum temperature range for hydrogen re- 
moval is 250-450° C., (ii) at 550° C. only 30% 
of the initial hydrogen content is removed during 
the isothermal treatment, and (iii) as the tempera- 
ture is increased from 550° to 750° C. the per- 
centage removed increases in a fairly regular 
manner to 65%. The results at 850° and 1100° C. 
are not strictly comparable with those obtained 
at lower temperatures, since isothermal treatment 
was given in air or in nitrogen instead of in 
the lead bath. It is possible that the apparent 
reduction in efficiency of hydrogen removal 
between 750° and 850° C. is not a genuine effect 
and that it should be associated with the change 
in conditions of isothermal treatment. 


0-6°% Carbon Steel, K6. 


For purposes of comparison, the removal of 
hydrogen from a 0-6% carbon, 0-7% manganese 
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Fia. 6.—Isothermal Removal of Hydrogen from V30. 


tyre-steel, K6, has been investigated, using 
standard conditions throughout. The results 
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TaBLe VIII.—Isothermal Removal of Hydrogen from Ni-Cr-Mo Steel, V30. 


| av, of Initial Specimen (10 min, in bath). Final Specimen (5 hr. in bath). H, Removed 
ae ss sence 

Bish * eaten Description of Cracks. nooee Description of Cracks. %- : 

1100 5-78 Many medium radial cracks with 0-47 No cracks. 91-9 
a few long ones. 

850 4-59 Many radial fine cracks of me- 1-84 35 59-9 

750 6-21 dium length. 2-15 4 long radial cracks, 2 extending 65-4 

to surface. 

700 5-80 Many radial, very fine cracks, 2 2-23 3 long radial cracks extending 61-6 
extending to surface. to surface. 

650 6-09 Many radial, medium-length 2-79 1 radial crack extending to 54-2 
cracks. surface. 

600 7-40 Many radial cracks, a few ex- 3°89 7 radial cracks, 3 extending to 47-4 
tending to surface. surface. 

550 6-00 Many radial, medium-length 4-22 About 25 fine, medium-length 29-7 
cracks, cracks, mostly radial, but 

some apparently random near 
severe quenching cracks. 

550 * 6-76 4-74 29-9 

500 6-83 Many radial cracks, a few near 2-95 3 radial cracks. 56-8 
centre. 

450 TAU 4 long cracks, 2 radial and 2 deep- 1-51 No cracks. 79-0 
seated. 

400 6-18 About 12 fine, medium-length 0:57 nA 90-8 
cracks, random and _ deép- 
seated. 

375 5-21 Many short random, fine cracks. 0-29 ps 94-4 

350 5-62 Numerous very fine and short 0-35 Bs 93-8 
cracks, randomly distributed 
throughout the specimen. 

300 6-18 Numerous very fine and short 0-71 3 88-5 
cracks, randomly distributed 
throughout the specimen. 

250 5-70 Many deep-seated medium-length 0-72 +5 87-4 
eracks; 4 or 5 radial extending 
to surface. 

200 6-00 A number of radial cracks extend- 1-54 1 radial crack extending to 74-3 
ing to surface, and many ran- surface. 
dom, fine cracks. 

150 7-27 Many cracks, half radial and half 2-84 10 or more radial cracks ex- 60-9 
random, but not deep-seated. tending to surface, 1 medium 

internal crack. 
Ba | 


- * Duplicate experiment. 


obtained are given in Table IX., and illustrated 
in Figs. 7(a) and 7(5). 

In general the initial hydrogen contents are 
low, but the fact that the specimen quenched 
from 1100° C. contained 8-80 c.c./100 g. shows 
that the soaking treatment has introduced a con- 
siderable quantity of hydrogen into the steel, 
although hydrogen is able to escape readily during 
the first 10 min. in the isothermal bath. Thus it 
would seem that in the case of the specimens 
treated at 550° C., some 5 c.c./100 g. were lost 
during this period. 

At all temperatures below 700° C. the percentage 
of hydrogen removed is over 80%, and there 
is a tendency for the percentage removed to 
decrease as the temperature is lowered. The 
minimum rate of removal occurs at 750° C., 
but even here about 50% of the initial content is 
removed during isothermal treatment. From 


750° C. upwards there is a general increase in the 
rate of removal as the temperature is increased, 
so that at 1100° C., the amount removed is about 
93°% and is comparable with the amount removed 
in the optimum temperature range of 700—600° C. 


34% Nickel Steel, S69. 


Results. obtained under standard conditions 
are reported in Table X., and illustrated in Figs. 
8(a) and 8(b). 

Etched sections of the initial specimens are 
reproduced in Fig. 11, and similar sections of the 
final specimens in Fig. 12. 

Compared with some of the other steels ex- 
amined, the initial hydrogen contents are reason- 
ably constant, ranging from 5-01 to 6-27 c.c./100 g. 
Features of the curve showing percentage of 
hydrogen removed are (i) the high rate of removal 
between 250° and 450° C., (ii) the minimum rate 


6P 


ANDREW, LEE, MALLIK, AND 


QUARRELL : 


TABLE *IX.—IJsothermal Removal of Hydrogen from 0-6% Carbon Steel, K6. 


Initial Specimen (10 min. in bath). 


Final Specimen (5 hr. in bath). 


Temp. of 
Teen, 
a ae Description of Oracks. Te AO0 Ge Description of Oracks, 
1100 8-80 1 very severe quenching crack. Numer- 0-65 7 quenching cracks. 

ous medium and long radial cracks. 

850 4-29 Many medium, 3 long radial cracks. 1-18 No cracks. 

750 4-57 Very numerous, short and medium 2:36 6 deep-seated random 
radial cracks. cracks. 

725 6-75 3 medium deep-seated and 30-40 me- 2°83 6 deep-seated random 
dium radial cracks. cracks. 

700 5-03 25-30 medium and long radial cracks. 0-31 No cracks. 

650 3°75 No cracks. 0-22 ~ 

600 4-60 oe 0-30 re 

550 3-51 - 0-36 5 

500 4-60 1 fine long crack. 0-37 . 

475 4-79 3 medium long and 4 short to medium 0-56 - 
radial cracks. 

450 5:35 9 medium, radial cracks. 0-68 35 

425 7:64 Few short to medium and two fairly 1-15 Pi 
long, radial cracks. 

400 7-02 No cracks. 1-01 - 

350 6:21 mn 0-66 * 

300 4-92 5 0:90 % 

250 5-21 s 0-73 op 

- 200 5-33 of 0-68 . 
150 6-27 rf 0-93 


Temp. of 
Isothermal 
Treatment, 

QO. 


TaBLeE X.—Isothermal Removal of Hydrogen from 34% Nickel Steel, S69. 


H, Content, 


e.c./100 g. 
6-03 
5-21 
5:80 
5-96 
5-74 


5-82 


75-95 


5-60 


5-22 
5-01 


5-10 


5-58 
6-27 
5:77 


6-11 
5-92 


} 


Initial Specimen (10 min, in bath), 


H, Content, 


Description of Oracks. c.c./100 g, 


0-33 
1-46 
2-50 
3-16 


Numerous fine, 
radial cracks. 

Numerous medium, radial cracks. 

3 quenching, many small and 
medium radial internal cracks. 

Numerous small, medium and 
long radial cracks. 

3 quenching, 30 short radial 
cracks. - 


medium and long { 


3-01 
3°76 


2 quenching, numerous radial, and 4-31 


3 deep-seated cracks. 

2 quenching, many radial, and 2 2-07 
deep-seated cracks. 

20 deep-seated, random cracks. 

Very numerous, very short ran- 
dom cracks. 

Few short radial near surface, 
and a few short deep-seated 
random cracks. 

2 quenching, 10 deep-seated ran- 
dom cracks. 

3 quenching and about 30 ran- 
dom cracks, some deep-seated. 

Very severe quenching cracks. 

No cracks. 

4 severe quenching cracks, many 
fine, small and medium cracks. 


0-57 
0-88 


0-64 


0-90 
1-42 
2-72 


3-25 
3-52 


Final Specimen (5 hr. in bath). 


Description of Oracks. 


No cracks. 

2 quenching cracks. 

2 quenching cracks, 1 internal 
crack. 

2 severe quenching, 6 radial, and 
3 deep-seated cracks. 

1 quenching, 7 radial, and about 
25 deep-seated short to me- 
dium random cracks. 

Many medium radial and 
about 30 deep-seated random 
cracks. 

20-30 
cracks. 

No cracks. 


deep-seated random 


4 severe quenching cracks and 
12 medium internal cracks. 


H, Removed 


THE REMOVAL OF HYDROGEN FROM STEEL. Ui (siz 


Initj, Dr Crag 
2 


of removal at 550° C., and (iii) the manner in ptr ats ee 
6. 


which the rate of removal increases with tempera- 
ture from 550° to 1100° C. For this steel and the 
conditions employed, the optimum temperature 
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Fie. 7.—Isothermal Removal of Hydrogen from K6. 


for the removal of hydrogen would appear to be 
1100° C., at which temperature no less than 
94:5% of the initial content was removed in 
5 hr. 


Hydrogen content, cc.//OOg. 
Ww 


= 


“ine! p aydrogen content 


= 
ie) 
O99 


3%, Nickel Steel, N33. Ea 
Results obtained for the case-hardening nickel oe 
steel N33 are reported in Table XI. and shown Sin 60} (6) 
: areas 8 
graphically in Figs. 9(a) and 9(6). : $$ BOO 300 400 500 600 700 800 
The initial hydrogen contents observed with steel © Temperature of isothermal treatment, °C. 


N33 were low compared with most of the steels Fic. 9.—Isothermal Removal of Hydrogen from N33. 
Taste XI.—Isothermal Removal of Hydrogen from 3% Nickel Steel, N33. 


Initial Specimen (10 min. in bath). H, Removed 
Peat 

Description of Oracks. Atos Description of Cracks. %- 

None. 0-74 84-2 
1 medium internal radial crack. 1-53 69:5 
7 medium radial and 2 short, fine radial cracks. 2:65 56:3 
None. - 0-44 91-8 
0:28 93-0 

0:27 87-0 

0:31 92-7 

0:26 . 93-0 
10 or more very fine random deep-seated cracks. 0-22 95-4 
1 very fine, small internal crack. 0-30 94-4 
None. 0:46 91-9 
0:53 90-5 

0:40 89-6 


0-85 73-3 
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examined, and very low in the neighbourhood 
of 550° C. From 650° to 200° C., the percentage 
of hydrogen removed during 5 hours’ isothermal 
treatment is very high, being over 90% for most 
of this temperature range. The smallest percent- 
age of hydrogen is removed at 700° C., but even 
in this case no less than 56% was removed in 
5hr. The hydrogen content of the final specimens 
was low in all cases except in the neighbourhood 
of 700° C. 


Tuer Law GOVERNING THE REMOVAL 
oF HypDROGEN. 


It was realized that if the results obtained 
relating the hydrogen removal to isothermal 
treatment were to be of wider application, it 
would be necessary to determine the law con- 
necting hydrogen removal with time at a given 
temperature. In order to do this, the experi- 
mental procedure previously adopted would have 
to be modified so that several specimens could be 
soaked in hydrogen simultaneously and _ sub- 
sequently treated for different periods of time 
in the isothermal bath. A special furnace with 
three-zone temperature control was constructed 
so that, even in the absence of specimens, the 
temperature over a length of 12 in. was constant 
to within 10° at 1100° C. In use, five standard 
specimens were placed in the constant-tempera- 
ture zone and soaked in hydrogen at 1100° C. 
for 24 hr. in the usual manner. All five specimens 
were then quenched in the salt or lead bath at the 
required temperature, and quenched in brine 
after suitable intervals. At 1100° C., the soaking 
furnace was also used for the isothermal treat- 
ment, but the hydrogen atmosphere was replaced 
by nitrogen as soon as the first specimen had been 
quenched. A laboratory electric muffle was used 
for work at 850° C., and the five specimens were 
cooled in air to this temperature before transferring 
to the muffle. Cooling from 1100° to 850° C. 
occupied not more than 2 min., but to ensure that 
a steady temperature had been reached, 10 min. 
in the muffle was allowed before the first specimen 
was quenched. This accounts for the slightly 
low initial hydrogen contents observed at 850° C., 
compared with those at 1100° C. The hydrogen 
contents of all specimens were determined in the 
normal manner. 

It is convenient to divide the results into two 
groups according to whether transformation has, or 
has not, taken place during the period of isother- 
mal treatment. On this basis, results obtained 
while the steel was entirely austenitic fall in the 
first group, and will now be dealt with in detail. 


(a) The Evolution of Hydrogen from Austenite. 


The detailed results obtained on steels examined 
in this group are given in Table XII. 
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TasLe XII.—Law Governing Removal of 
Hydrogen—Group I. 


Time, br, eee Description of Cracks. 
c.c./100 g. 
Ni-Or—Mo Steel, V30, at 1100° C. in Nitrogen (Fig. 14). 
0-0 5-78 , Many medium radial cracks, with a 
few long ones. 
0-5 3-34 | Fewer medium radial cracks; some 
long ones. 
1-25 1-56 | No cracks. 
3°25 0-66 ¥ 
5-0 0-47 i. 


34% Nickel Steel, S69, at 1100° C., in Nitrogen (Fig. 15). 


0-0 6-03 , Numerous radial cracks. 

0-5 3-38 | Many radial cracks, but fewer than 
above. 

1-0 2-06 | 2 quenching cracks. 

2-5 0-79 | 3 quenching cracks. 

5-0 0-33 | No cracks. 


3% Cr—Mo Steel, HD, (D.T.D. 306), aé 1100° C., in 
Nitrogen (fig. 16). 


0-0 7-70 , Many medium, radial cracks. 
0-5 3-82 | 11 long radial cracks. 
1-25 1-91 | 7 long radial cracks. 
3:5 0-64 | No cracks. 
5-0 0-50 % 
Low Ni-Cr—Mo Steel, Q, at 1100° C., in Nitrogen 
(fig. 17). 
0-0 6-40 | Many long and short radial cracks. 
0-5 3-13 | 6 long and 3 short radial cracks. 
1-0 2-23 | 4 long radial cracks. 
2-0 1-13 | 2 quenching cracks. 
5-0 0-58 |! No cracks. 
Mn-Ni-Cr-—Mo Steel, X, at 1100° C., in Nitrogen 
(ig. 18). 
0-0 6:46 | 6 long and many short, fine, radial 
cracks. 
0-5 3:22 | 5 long and many fine, radial cracks. 
1-0 2-20 | 2 very long radial cracks. 
2-0 1-21 | Several very fine internal cracks. 
5-0 0-56 | No cracks. 


3% Cr—Mo Steel, HD, (D.T.D. 306), aé 850° C., in 
Air (Fig. 19). 


0-0 6-60 | Numerous medium radial cracks. 
0-5 4-21 | Many medium radial cracks. 

1-25 2-97 Some medium radial cracks. 

3-0 1-73 | One long radial crack. 

5-0 1:14 |! No cracks. 


Mn—Mo Steel, MM, at 625° C.,in Lead Bath (Fig. 20). 


0-0 5-50 | Numerous radial cracks. 
0-5 4-84 | Many radial cracks. 
1-5 3-61 | Many radial, but fewer than in pre- 
vious specimen. : 
2-5 3-06 | 10 long and 2 short radial cracks. 
5-0 2:14 |! No cracks. 
Ni-Cr—Mo Steel, V30, at 550° C., in Lead Bath 
(Fig. 21). ‘ 
0- | 6:0 Quenching cracks, and many medium 


radial cracks. 
Quenching cracks, but fewer. 
Quenching cracks, still fewer. 


—— , 
% ae , 
(a) 600°C. (b) 400. (c) 300°C. 
Fic. 10.—Steel FA. 10 min. 
FER 
(a) 550°C. (b) 450°C. (c) 400°C. 
aq > 
f ae 
ee 
fe) 280°C. 
Fic. 11.—Steel S69. 10 min. 


| 
Ls : Liss 
(2) 650°C. (b) 600°C. (c) §50°C. 


Fic. 12.—Steel S69. 5 hr. 
Fics. 10 to 12.—Cracks in Isothermally Treated Specimens. 
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Puate II. 


(A) 250°C. 


(a) 300°. 


(cd) 500°C. 


Four-fifths actual size. 


Fic. 13.—Steel 4511, Hydrogen-Soaked 
and Water-Quenched from just below 
Ar, point. 

(a) Sectioning begun before end of in- 
cubation. 

(b) Sectioned after incubation had ended. 


[Andrew and others. 
[To face p. 78 r. 


THE REMOVAL OF HYDROGEN FROM STEEL, 


From the experimental results reported for the 
manganese—molybdenum steel, F'A, it had been 
expected that 625° C. would likewise also corre- 
spond to the temperature of most rapid isothermal 
transformation of the steel MM. The high hydro- 
gen content after 5 hr. at this temperature is not in 
keeping with that view, and even stronger evidence 
is available in the fact that the cracks observed 
after 24 hr. at 625° C. were radial. It is our 
experience that radial cracks are associated with a 
martensitic structure and that, when transforma- 
tion to pearlite or the intermediate structure 
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Fie. 14.—Isothermal Removal of Hydrogen from V30 at 


1100° C. 
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Fic. 15.—Isothermal Removal of Hydrogen from S69 at 
1100° C. 


occurs in the isothermal bath, any cracks formed 
are deep-seated and random. 

It will be seen from Figs. 14 to 21 that in all 
cases the experimental results fall on smooth 
curves and that the rate of loss of hydrogen 
diminishes with time. This is to be expected 
and, in an attempt to find a mathematical ex- 
pression which would fit the observed results, 
a simple exponential function of the type : 


y= Ke-* 


was used, where K is the initial hydrogen content, 
y the hydrogen content at time ¢, and m is a 
constant for a particular curve. It was found 
that when the constant 7 was calculated from the 
data for the initial and final specimens, the 


* 


TOP 


resulting curve did not agree with the experimental 
results for the intermediate times. It was then 
found that to a first approximation the experi- 


Y = 0°482(14 14:97e7'74) 


Hydrogen content, c.c.//OOg. 


O / ves 9; 4 5 
Time of treatment, hr. 
16.—Isothermal Removal of Hydrogen from HD at 
1100° C. 


Fia. 


y = 0-566 (/ + /0-32e ~'7*) 
y = 0-571 (1+ 10-20e'**) 


Hydrogen content, c.c//O0g. 
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Fie. 17.—Isothermal Removal of Hydrogen from Q at 
1100° C. 


y = 0-545 (/ + 10-85e~'?*) 
Y = 0:55/(/ + 10-72e7 "3*) 


Hydrogen content, ec /100 g. 
us) w& A Oy 
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Fic. 18.—Isothermal Removal of Hydrogen from X at 
1100° C. 


mental curves were hyperbole and could be 
represented by : 

y = Ke/(t + ¢) 
where K, y, and ¢ have the same significance as 
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before and c is a constant for the particular hyper- 
bola. This expression was in excellent agree- 
ment with the curves shown in Figs. 19 (HD, 
850° C.) and 20 (MM, 625° C.), and a reasonable 
fit was obtained in the case of Figs. 17 (Q, 1100° C.) 
and 21 (V30, 550° C.); but with Figs. 14, 15, 
and 16 the rate of hydrogen removal predicted 
by the hyperbola was too rapid in the initial 
stages. For convenience, in Figs. 14 to 21, the 


T T 


N 


Sie y= 1009 (14 5-54e ~%75) 
fe) _ 6-864 
> t+/-O43 
os 
& 
54 
Cc 
® 3 
3 
> 
2 


Time of treatment, hr. 


Fic. 19.—Isothermal Removal of Hydrogen from HD at 


850° C. 
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Fia. 20.—Isothermal Removal of Hydrogen from MM 
at 625° C. 


N 


a — y= 3-709(1 + 0-62e~°*) 
tha me eres 

16) 
2 


aN 


oO / re 53 4 iB 
Time of treatment, hr. 


Fic. 21.—Isothermal Removal of Hydrogen from V30 
at 550° C. 


hyperbole calculated from the initial and final 
hydrogen contents are shown as broken lines. 

Further investigation showed that a more 
satisfactory agreement with experimental results 
at 1100° C. was possible with the aid of the 
relationship : 


y = K(1 + ae*)/(1 + a) 


where a is a constant for a given curve and can 
be determined from the initial and final hydrogen 
contents. At other temperatures, however, the 
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agreement was not so good, and a further variable, 
n, was introduced to yield the formula : 


y = K(1 + ae) /(1 + a) (1) 


By suitably adjusting the value of n it was found 
that good agreement could be obtained at all 
temperatures in the austenitic range. The calcu- 
lated curves for the hydrogen contents finally 
arrived at are plotted in Figs. 14 to 21, and it will 
be seen that the experimental points fall close to 
them. 

When all the experimental curves had been 
treated in this manner, it was observed that the 
value of m appeared to be independent of the steel 
and to vary with the temperature of isothermal 
treatment. This is illustrated in Fig. 22, where a 
straight line has been drawn through the values 
of n. 

The fact that equation (1) enables good 
agreement to be obtained with the experi- 
mental results over a wide range of temperature 
suggests that, although an empirical relationship, 


0,x 
V30, S69, HD, O,x 


Value of n. 


700 900 
_Temperature, Ce 


Fie. 22.—Variation of n with Temperature. 


1100 


it may have a fundamental basis. Generally 
speaking, the more effective the isothermal 
treatment is in the removal of hydrogen the higher 
is the corresponding value of , and when this 
is considered, together with the manner in which 
nm varies with the temperature, it seems reasonable | 
to suppose that 7 is closely related to the diffusion 
constant. 
The function e~” has no significance unless nt 
is a pure number, and since the dimensions of the 
diffusion constant D are L?7-1, where Z and T 
are the dimensions of length and time respectively, 
it follows that if n is proportional to D, the rela- 
tionship must be of the form n = kD/l?, where- 
k is a constant and J is related to the linear 
dimensions of the specimen. The constant k 
would probably vary with the shape of the speci- 
men, but should be constant for similarly shaped 
specimens of different mass. 
When the experimental values of n were 
plotted in Fig. 22, it was found that the points 
were reasonably represented by a straight line. 


THE REMOVAL OF HYDROGEN FROM STEEL. 


On the other hand, it is well known that, in general, 
the value of the diffusion constant varies with the 
temperature according to the relationship : 


Ds: Ae“? 


where A and b are constants and T' is the tempera- 
ture on the absolute scale. This equation may be 
rewritten to give: 


Log D = log A — b/T 


from which it follows that a linear relation- 
ship exists between log D and the reciprocal 
of the absolute temperature. If the constant n 
is related to the diffusion constant in the manner 
outlined above, it should be possible to obtain a 
straight-line relationship corresponding to : 


Log n = B — constant/T. 
The values of log 7 are plotted against the recipro- 
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Fia. 23.—Relation between log n and Absolute 
Temperature. 


cals of the absolute temperature in Fig. 28, 
and it will be seen that the results can be fairly 
represented by a straight line with the equation : 


Log,)n = 0-9875 — 1250/7 (2) 


If this equation is used to calculate the value of 
n at different temperatures, the curve illustrated 
in Fig. 24 results. When the experimental 
values of n are plotted on this curve, the 
agreement is extremely good. The only dis- 
crepancy occurs with the steels Q and X at 1100°C. 
‘In both cases an exact fit cannot be obtained with 
the empirical equation, but, as shown in Figs. 17 
and 18, a reasonably good fit can be obtained with 
nm — 1-2 or n = 1-3, and there is little to choose 
between these values. 

It will be seen from Fig. 24 that the value of n 
is negligible below 100° C., and this is in keeping 
with the experimental observation that standard- 

1946—i 
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sized specimens of 25% nickel steel and of com-* 
mercially pure nickel which had been soaked in 
hydrogen at 1100° C. for 24 hr. and water- 
quenched, gave off no hydrogen at room tempera- 
ture. Moreover, when the hydrogen-soaked aus- 
tenitic steel was reheated in a vacuum furnace and 
the evolution curve recorded, it was found that 
there was no measurable evolution below 380° C., 
and that between 380° and 650° C. there was a 
progressive increase in the evolution of hydrogen. 
These observations are in good general agreement 
with Fig. 24 and are in strong contrast to the results 
obtained for low-alloy steels, in which the main 
peak on the evolution curve occurs below 400° C. 
By once more applying the method of dimensions 
to equation (1) it may be shown that the constant 
a must be dimensionless. At the same time 
the results obtained at 1100° C. indicate that the 
value of a varies from steel to steel, although 
the same value of n applies to all at this 
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Fie. 24.—Relation between Calculated Values of m and 
Temperature. 
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temperature. Thus, values of a ranging from 
10 to 20 were obtained at 1100° C. It will 
be noted that equation (1) indicates a lower 
limit to the hydrogen content of the steel 
at a given temperature, for as ¢ approaches 
infinity, y becomes K/(1 +a). It should be 
pointed out at this stage that the apparent 
lower limit to the hydrogen content may be a 
limitation imposed by the empirical equation, 
and it is possible that it has no physical 
significance. A general lower limit to the hydrogen 
content could be explained by (i) chemical bind- 
ing between the hydrogen and the steel, or (ii) 
a partial pressure of hydrogen around the speci- 
men throughout the isothermal treatment. At 
first sight it might appear that the second is the 
more likely explanation, but this would necessitate 
the value of a increasing with decreasing tempera- 
ture, which is not in keeping with the experimental 
results. There is insufficient evidence to justify 
a more detailed discussion of the point at present. 
G 
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The wide applicability of the empirical equation 
led to attempts to treat the problem mathe- 
matically. Barrer? has dealt with the problem 
of diffusion in the solid state under various con- 
ditions, but a general solution of the problem of 
loss of hydrogen from a cylinder of finite length 
cannot be given. It is clear that the process in- 
volves simultaneous loss of hydrogen from (i) 
the plane end surfaces and (ii) the cylindrical sur- 
face. Although it is not practicable to consider 
the two effects simultaneously in a mathematical 
treatment, each may be taken in turn. 


Loss of Hydrogen from the Plane Ends. 

In this case the cylinder may be regarded as an 
element of an infinite plate of thickness equal to 
the length of the cylinder. Under these conditions, 
diffusion will be unidirectional and Fick’s law will 
apply, thus : 

de dc 

dt «dat 
where D is the diffusion constant, c is the concen- 
tration of hydrogen, and x and ¢ refer to distance 
and time respectively. A solution of the equation 
is: 


c = A, + A,e~Dm%t sin myx + Ae Dm* sin mex 
+... A,e~Dmntsinme . (3) 


where A, A, and m, ....™, are de- 
termined by the boundary conditions. The 
boundary conditions are that (i) when ¢ = 0, 
€=¢g) trom 9x = 0-to +=— Land” (ii) when 
t—0,c—c, from x=0 tox =L where c, is 
the limiting concentration determined by the 
experimental conditions. 
When ¢ = 0, terms A, to A, vanish, so that 


Cee) ar Se 


poss ly es ee ee ee EH 
When ¢ = 0: 
Cy — ¢, = A, sin my + A, sin mx 
+ ...A,snm,z = f(z) 


This function may be expressed as a half-range 
sine series of the form : 


fle) = 6, sin™ + d, sin "2 4... 6, 8in 


where 
iE 
b= ZI fle) sin™ . de 
= 4(c, — c,)/n 
for n odd and vanishes for n even. 


Hence : 
Se Bae 


in) a= sap cx) [ sin +3 sin 


1. nna 
Sar eta ea pe | 


where n is odd. 
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Therefore : 
t 9 Dnt 
yy oe € 7 sin 436 . sin 32? 
1 n?Dr*t Sete 
eee eh oF 
ce eee merase - sin | 


where n is odd. 

The concentration experimentally determined in 
this work at time ¢ corresponds to the average 
concentration in the specimen from x =0 to 
x=. With a linear concentration gradient, 
this will be the concentration at « = 1/2. On 
substituting this value and the corresponding 
values for cy and cz we have: 

Dat 25Dnit 
yay, + Fae B — se B + oe L 


= = a ra 
Ce Lore 
Putting es N, we have further that : 
d= Gp + es [e™ =e zen + 5 e726Mt 


1 
——7 ike Neils +5emae| . (5) 
When Wi is large, the second and higher terms of 
the exponential series become insignificant, and 
as a first approximation, therefore : 


esas [2 oe (a us) om] she 6) 


In the consideration of the empirical equation (1) 
given above it was shown that the constant a of 
the empirical equation was given by a = ore 
: L 

; K 
and this leads to y, = co 
Substitution of these values in equation (6) gives : 

LG 4 
y= ‘Tec [3 -- = ae™ | e . ° (7) 
Loss of Hydrogen from the Cylindrical Surface. 
The law governing radial flow in a cylinder is : 


de _ ~~ 0'¢ «=D ide 


pL aire op ane 


On substituting c = ue", this equation be- 


- comes : 


du. 1 du 
dak. da, ea 


which is Bessel’s equation of the first order, with 


solutions given by the appropriate Bessel functions, 
the choice of which is governed by the boundary 
conditions. 

In the present case the boundary conditions are 
c =c¢, at x =r for all values of ¢, and c = ¢, for 
o <a” <randatt = 0, and the solution becomes : 


Del J 9(%,%) 
= + = es — D4,2 O\*n 
OOS IAT Sp > Rae ; ie J’ o(a,7) ° (ex — ¢0) 
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and the mean concentration ¢ in the cylinder is 
given by : 


ts 4(c; — ec 1 
¢=c¢, — (Cr - DS Seba 
7 n 


og 
Using the notation previously adopted, this 
equation becomes : 

4(k — 1 

y= yp + MES Seo 

In these equations, «, is the nth root of the 
equation J (a7) =90, and the first four roots 
are : 


2-405 5-520. 8-654 11-792 
tS ese that Rs Fen Ee he, ae 
Substituting these values gives : 
1 6-8 Dt 1 30-5Dt 
a ‘ene: Sezhly Wae oo poe: 2 
a Y, + 4(K Yn) lee 7 St 30-5” r 


l ec Ubu 
roc Toe | (8) 


The series within the brackets converges rapidly, 
and the second and higher terms can be neglected 
except when ?¢is small. To a first approximation, 
therefore : 


Ae — 5-8Dt 
ne os 


This equation can be rewritten in the form : 


K 4 
Pag eae Oe) oo +. (9) 


where M = 5:8D/r?. 

Thus it will be seen that, for diffusion through 
the plane ends and also for radial diffusion, the 
equation relating hydrogen content with time 
can be expressed in the form : 


K 


Y= cc. + abe-") . . . (10) 


In practice, diffusion is not confined to the radial 
and longitudinal directions, but it is reasonable to 
assume that the equation for the more complex 
diffusion process would nevertheless be of this 
form. It will be seen that equation (10) differs 
from the empirical equation (1), in that there is 
an additional constant, b, in the theoretical equa- 
tion. For longitudinal diffusion, the value of 
b is 4/27 = 1-273, whilst for radial diffusion the 
corresponding value is 4/5-8 = 0-69. The value 
of 6 to apply in the practical case will clearly 
depend upon the proportions of the cylinder, but 
should lie between the limits 0-69 and 1-273. 
The experimental results obtained in this work 
indicate that for a length/diameter ratio of 8:7 
the value of b does not differ greatly from unity. 
It will be remembered that the empirical equation 
found to fit the experimental results implied that 
for each temperature of treatment there was a 
lower limit to the hydrogen content, and therefore 
in both cases dealt with above a similar limiting 


83P 


value was deliberately imposed. However, the 
corresponding equations for the cases in which 
there is no lower limit can be obtained by sub- 


stituting y; = 0 in equations (5) and (8). This 
gives : 
y =i eM — pent 4 ertem —.. | ees (0) 


1 > 8De _30-5Dt _75Dt 
y= 4K] x0 a + 35.52 7 + ae n ‘ped (8a) 


For sufficiently large values of ¢ these equations 
reduce to : 


=, 4K 
ne : 2 = ees (00) 
Pod Koa 
Do Ree e . . e . (8b) 


These are essentially of the same form as the ex- 
ponential expression used in the first attempt to 
find the form of the experimental curve, and 
in all cases the agreement was very poor. It 
would seem, therefore, that the lower limiting value 
to the hydrogen content may have a real signifi- 
cance, although it is not possible to give a definite 
explanation at’this stage. 


(b) Hydrogen Evolution from the Transformation 
Products of Austenite. 


So far, in dealing with the law governing 
hydrogen removal, it has been assumed that 
the steel has been in the austenitic condition 
throughout the isothermal treatment, and the 
remarks which have been made are correspondingly 
limited in their application. Some work has also 
been carried out at temperatures at which the 
steel would transform readily, and the results 
of the experiments carried out on steels in this 
group are given in Table XIII. 

In the case of the 3% chromium—molybdenum 
steel, HD, the relationship between hydrogen con- 
tent and time at 700° C. appears to be linear (see Fig. 
29), but this will be dealt with in detail later. In 
Figs. 25 to 28 the experimental points are marked, 
and the curves correspond to the best fit possible 
with equation (1). For the steels S69 and MM 
at 400° C., the best value of » was 1-8, with the 
constant a having the values of 2-65 and 6-2 
respectively. For the nickel-chromium—molyb- 
denum steel, V30, at 375° C., the best fit was 
obtained with n = 1-2 and a = 17:76. The values 
of m seem to be very high, and the point arises 
that the transformation was occurring during the 
earlier stages of the experiment, so that the results 
do not strictly apply to the « state. 

In an attempt to investigate the removal of 
hydrogen from the « state and to assess the value 
of a favourite commercial heat-treatment, the 
following experiment was carried out. Five stan- 
dard specimens were soaked for 24 hr. in hydrogen 


84 Pp 


at 1100° C., and then quenched in a salt bath 
controlled at 300° C. After 13 min., the speci- 
mens were quickly transferred to the lead bath 
held at 640° C. The first specimen was quenched 
after 10 min., and the others after suitable 


Taste XIII.—Law Governing Removal of 
Hydrogen—Group IT. 


Sea Tr 
H, 

Content, 

c.c./100 g. 


Time, hr. Description of Cracks. 


34% Nickel Steel, S69, at 400° C. im Salt Bath. 


0-0 4-09 | Many very short radial, and several 
deep-seated random cracks. 

0-5 2-41 | 2 internal cracks. 

1-0 1-51 | No cracks. 
2-5 

5-0 


1-24 i 
1-12 f, 


Mn—Mo Steel, MM, at 400° C., in Salt Bath. 


0-0 5-40 | Numerous radial cracks. 

0-5 2-88 | Many radial cracks. 

1-5 0-93 | Many radial, but fewer than in previ- 
ous specimen. 

3-0 0-75 | 10 long and 2 short radial cracks. 

5-0 0-75 | No cracks. 
Ni-Cr—Mo Steel, V30, at 375° C., in Salt Bath. 
0-0 5-21 | Many short random fine cracks. 
0-33 3-96 | Many short random fine cracks— 
more numerous but shorter. 

1:0 1-87 | Many short random fine cracks, but 
fewer. 

2-5 0-43 | No cracks. 

5:0 0-29 5 


34% Nickel Steel, S69 (Quenched in Salt Bath at 300° C., 
held for 13 min., and Reheated to 640° C. in Lead 


Bath). 
0-0 2-36 No cracks. 
0-5 1-46 5 
1-0 0-64 - 
2-0 0-36 42 
5-0 0-15 eA 


3% Cr—Mo Steel, HD, at 700° C., in Lead Bath. 


0-0 5-83 | Numerous, medium, radial cracks. 
0:33 5-50 | Similar, but fewer. 5 
1-00 4-63 | About 20 medium radial cracks. 
2-5 3°39 No cracks. 
5-0 0:99 ~ 
3% Cr—Mo Steel, HD, at 700° C. in Lead Bath 
(Second Series). 


3 | Many radial cracks. 
0 1 short internal crack. 
2, 


6-2 
. 3-7 
: 1:7 No cracks. “: 
: 0-40 a | 


intervals of time up to 5 hr. Hydrogen contents 
were determined in the usual manner. The most 
striking feature of the results (see Table XIII.) 
is the extremely low value of 0-15 c.c./100 g. 
obtained for the final hydrogen content. This 
is the lowest value ever recorded during the 
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course of this work and testifies to the efficiency 
of this type of preventive heat-treatment. The 
initial content of 2-36 c.c./100 g. is lower than 


——— ai lies a 


~— 


A 


y 1120 (1+ 2-65e~'**) 
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Fic. 25.—Isothermal Removal of Hydrogen from S69 at 
400° C. 
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Time of treatment, hr. 


Fic. 26.—Isothermal Removal of Hydrogen from MM 
at 400° C. 
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Time of treatment, hr. 


Fic. 27.—Isothermal Removal of Hydrogen from V30 


at 375° C. 
§ 2 
so ¥ = O-145 (1 +15-33e~'?4) 
fe) 
IS or 
a | 
BS) 
s O 
Ee 


/ 2 ce 4 5 
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Fia. 28.—Removal of Hydrogen from S69, reheated at 
640° C. ' 


usual because of the losses occurring during the 
first 23 min. In Fig. 28 the curve corresponds to 
n = 1-2 and a = 15-33, and the agreement with 
the experimental points is good. 
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It was considered that for a steel of this com- 
position, 13 minutes’ isothermal treatment at 
300° C. followed by reheating to 640° C. for 10 
min. would be sufficient to ensure complete 
transformation, and this was supported by the 
low initial hydrogen content reported in Table 


- XITI., for, if the steel had still been austenitic, 


” 


far less hydrogen would have been lost during the 
heat-treatment. The value of »=1-:2 may 
therefore be taken as applying to the « state at 
640° C. and, when compared with the corre- 
sponding values obtained for the y state, is cer- 
tainly more probable than the values previously 
reported for steels S69 and MM at 400° C. and for 
V30 at 375° C. 

Effect of Transformation upon Removal of 
Hydrogen from 3% Chromium—Molybdenum Steel, 
HD, at 700° C.—Having determined the effect 
of temperature upon the constant ” in the y 
region and obtained some idea of the most 
probable value of n at 640° C. for the « state, it is 
now possible to explain the hydrogen-content/ 
temperature curve obtained for the 3% chromium— 
molybdenum steel, HD, at 700° C., provided 
that certain assumptions are made. These as- 
sumptions are: That the y —~> « transformation 
proceeds in a known manner during the isothermal 
treatment and that the behaviour of austenite 
and its transformation products, when present 
side by side, can be adequately represented by the 
appropriate form of equation (1). 

The results obtained for other steels in the 
austenitic condition justify the use of n = 0-5 
and a limiting content of the order of 2-8 c.c./100 g. 
for the y state at 700° C. For the « state, the 
only reliable value of 1 is that of 1:2, obtained at 
640° C. for reheated specimens. If the value of 
nm increases with temperature in the manner 
observed for the austenitic condition, the most 
likely value of n for the transformation products 
at 700° C. would be 1-3. An arbitrary, though 
probable, value of 0-3 c.c./100 g. was used for the 
limiting hydrogen content in the « state, so that 
the relevant equations are : 


Yy700°O. = 2°8(1 + 1-14e-0-5é) (11) 


Ya700° 0. = 0-3(1 + ae-13t) (12) 
The initial hydrogen content for the austenite 
was 6-0 c.c./100 g., as this was the mean of two 
experimental results given in Table XIII. The 
hydrogen content of the austenite at the moment of 
transformation was taken as the initial hydrogen 
content for the « state, which determines the value 
of a to be inserted in equation (12). It was 
also assumed that the transformation products 
ferrite and pearlite behaved in the same way as 
far as hydrogen removal was concerned. 

Before the removal of hydrogen during trans- 
formation can be treated in a quantitative manner, 
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it is necessary to know how the transformation 
proceeds, and sufficient direct evidence for this 
purpose was not available. A number of trans- 
formation/time relationships of the normal type 
were considered in turn, and it proved possible to 
give a satisfactory explanation of Fig. 29 with 
several of them. It was found that the gradually 
increasing rate of transformation in the initial 
stages, and the corresponding slowing-up of 
transformation towards completion, had _ little 
effect upon the final result; therefore the simplest 
case of a linear transformation/time relationship 
will be taken for purposes of illustration. 

It was considered that a sufficiently good 
approximation would be obtained if the average 
hydrogen content of the specimen was calculated 
at $-hr. intervals. Assuming that transformation , 
commenced after 4 hr. in the lead bath, and 
was almost complete after 5 hr., some 11% of 
transformation products would be formed during 
each interval. Each 11% was dealt with as a 


Hydrogen content, c. ¢//00 7. 
Ny w aN OH fe) 


Cae, 


O / Ne, | 4 5 
Time of treatment, hr, 


Fig. 29.—Isothermal Removal of Hydrogen from HD at 
700° C. 


separate portion having a different initial hydrogen 
content equal to that of the austenite at the 
moment of transformation. From the initial 
and limiting hydrogen contents, the appropriate 
value of a for insertion in equation (12) was 
calculated from the relationship : 


__ Initial hydrogen content 


~ Limiting hydrogen content Lee Le) 


The residual austenite and the transformation 
products formed during each 4-hr. period were 
considered to behave independently throughout 
the experiment, so that the average hydrogen 
content of the specimen at any time could be 
obtained by simple proportion. The method of 
calculation should be clear from the results given 
in Table XIV., and the agreement between the 
calculated curve and the experimental points 
is shown in Fig. 30. For convenience, the curves 
calculated for the hydrogen removal from aus- 
tenite and the decomposition products with 
initial content 6-0 c.c./100 g. at 700° C. and the 
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ments were carried out on the removal of hydrogen 
at 1100° C. from steel S69, using three different 


assumed transformation/time relationship are 


also reproduced in Fig. 30. 
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Fig. 30.—Effect of Transformation upon Isothermal 
Removal of Hydrogen from HD at 700° C. 
(Calculated curve.) 


The experimental points show that the hydrogen 
removal is more rapid than would have been the 


sizes of identically shaped specimens. Cylinders 
were used with a length/diameter ratio of 8: 7, 
and they were machined from the same bar. 
The time of soaking in hydrogen at 1100° C. was 
the same in all cases, but the duration of the 
experiment to determine the law of hydrogen 
removal was adjusted to the size of the specimen, 
as shown in Table XV. Detailed results are 
given in Table XVI. 

The experimental results are plotted in Fig. 31 
together with the best-fit curves according to 
equation (1). The appropriate forms of this 
equation for the three different sizes of specimen 
are : 


Specimen A: y = 0:316 + 5-72e-1-2t 
Specimen B: y = 0-443 + 6-85e~2-0t 
Specimen C: y = 0-402 + 5-64e-4-6t 


The value of n = 1-2 for standard specimens 
at 1100° C. is based upon many experiments 


TasLE XIV.—Calculation of the Effect of Transformation upon the Removal of Hydrogen from 
3% Cr—Mo Steel, HD, at 700° C. 


3 H, Content (c.c./100 g.) of the Different Batches of Decomposition Products Formed 

mime, br, {aPASEENERE] Austentte, | sormation inthe Times Shown Se a 

: c.c./100 g, ed o,. 4 Aa oa 

0 #41 hr. | 1-14 br. | 19-2 hr. | 2-23 br. | 24-3 hr. | 3-33 br. | 33-4 br. | 4-4 hr. | 44-5 br, | ©*-/100 8 
0-0 6:0 100 0 was ast zee Re 6:00 
0-5 5:29 100 0 as apt Ee ae 5:29 
1-0 4-74 89 il 4-74 oe 46 . Ge 4-74 
15 4-31 78 22 2-62 | 4:31 |... : : = 4-12 
2-0 3-97 67 33 151.) 2:39 |, .O7Mie eee. 3-53 
2-5 3-71 56 44 0-93 | 1-39 | 2-22 | 8-71 | . de 2-99 
3-0 3-51 45 55 0-63 | 0-87 | 1-30 | 2:08 | 3-51 | ... 2-50 
3-5 3:35 34 66 0-47 | 0-60 | 0-82 | 1-23 | 1-98 | 3-35]... 2-07 
4-0 3-23 23 77 | 0-39 | 0-46 | 0-57 | 0-79 | 1-17 | 1-89 | 3-23] ... 1-68 
4:5 3:14 12 88 0-35 | 0-38 | 0-44 | 0-55 | 0-76 | 1-13 | 1-83 | 3-14 sisie 1-32 
5-0 3:06 i) 99 0-32 | 0-34 | 0-37 | 0-43 | 0-54 | 0-73 | 1-10 | 1-78 | 3-06 0-98 
5-5 ae 0) 100 0-31 | 0-32 | 0-34 | 0-37 | 0-43 | 0-51 | 0-71 1:08 | 1-84 0-50 
6:0 , 0 100 0-30 | 0-31 | 0-32 | 0-34 | 0-37 | 0-40 | 0-48 | 0-69 | 1-14 0-40 

Value ofa| 14-80 |13-37 |12-23 |11-37 |10-70 |10-17 | 9-77 | 9-47 | 9-20 


case in the absence of transformation, and much 
slower in the initial stages than if the transforma- 
tion had been complete before the experiment 
started. On the other hand, the hydrogen 
content after 6 hr. is so small that it could not 
have been much less if the steel had been in the 
« state throughout. 

Effect of Specimen Size.—In the derivation of 
equation (1) it was shown that : 


n = kD/P (14) 


where I is related to the linear dimensions of the 
specimen, D is the diffusion constant, and the 
value of & is determined by the specimen shape. 
To test the validity of this relationship, experi- 


and can be taken as reliable. On this basis, the 
corresponding values of n for specimens B and C, 


TABLE XV.—Adjustment of Time of Treatment 
According to Size of Specimen (Steel S69). 


Duration 
Specimen Dia., in. aide Weight, g.| of Experi- | Table No. 
7 ment, hr. 
1 2 — 620 
1+ 14 260 
z 1 80 


calculated from equation (14) are 2-13 and 4:8 
respectively. The difference between these values 
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and the experimental results of 2-0 and 4:6 
respectively is therefore of the order of 5%; 
agreement is thus highly satisfactory, considering 
all the factors involved. 

On the assumption that the relationship of 


Taste XVI.—Removal of Hydrogen from 34% 
Nickel Steel, S69, at 1100° C. in Nitrogen. 


H, 
Time, min.| Content, Description of Cracks. 


c.c./100 g. 
Specimens 14; in. dia. X 14 in. long. 
0-0 | 7-29 | Numerous short and long radial 

cracks. 

30 2-78 | 6 long radial cracks and 1 quenching 
crack. 

60 1-46 | 1 internal crack and 3 severe quench- 
ing cracks. 

90 0-85 | 3 quenching cracks. 

180 0-46 | No cracks. ; 
Specimens % in. dia. X 1 in. long. 
0-0 | 6-04 | 2 severe quenching cracks; many 

short and a few long radial cracks. 

10 3-11 | Several severe quenching cracks and 
about 12 medium radial cracks. 

20 1:58 | 2 quenching cracks and 3 radial 
cracks. 

40 0-65 | 2 quenching cracks and 1 radial 
crack. 

60 0-46 | 2 quenching cracks. 

75 0-42 | No cracks. 


equation (14) is of general applicability, it is 
possible to use the results of the work on the 
isothermal removal of hydrogen from standard 
specimens in the single-phase state to predict the 


6% (a) y = O3/6 (/ + 18:09e~'**) 
(6) y = 0:-443(/ + 15-460 ~?°%) 
(c) y = 0-402(/ + 4-026" ***) 
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Fic. 31.—Effect of Specimen Size upon Isothermal 
Removal of Hydrogen from $69 at 1100° C. 


times necessary for the removal of hydrogen 
from similarly shaped specimens of larger mass. 
For similarly shaped specimens at the same 
temperature, equation (14) gives : 


(15) 
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Given equal initial hydrogen contents in specimens 
of different mass, it follows from equation (1) that 
the final hydrogen contents will be the same for 
equal values of nt, that is, when nt, = Noto. 
Combining this with equation (15) it will be seen 
that the effect of specimen size upon the time 
necessary for hydrogen removal to a given figure 


is given by : 
1,\2 
ty = fa 2b 


Thus, to take the case of the 34% nickel steel, 
S69, at 1100° C., laboratory experiments with 
standard-sized specimens showed that 5 hr. were 
necessary to reduce the hydrogen content from 
6:03 to 0-33 c.c./100 g. According to equation 
(16), the time necessary to bring about a similar 
reduction in the hydrogen content of a billet 
25 in. in dia. and of corresponding length would be 
1020 hr., or more than 6 weeks. To illustrate the 
effect of size still further, the hydrogen-content/ 
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Fic. 32.—Isothermal Removal of Hydrogen from 25-in. 
dia. Billets of Steel S69 at 1100° C. (Calculated curve.) 


time relationship at 1100° C. has been calculated 
for 25-in. dia. billets of S69 and is plotted in 
Fig. 32. It will be seen that no less than 9 days 
will be necessary to reduce the hydrogen content 
from 6-0 to 2-0 c.c./100 g. and that if a final 
content of less than 1-0 c.c./100 g. is required, 
a total time of 24 weeks at 1100° C. will be 
necessary. The amount of hydrogen removed 
in the first 24 hr. is less than 1 c.c./100 g. and the 
rate of removal falls off with increasing time. 

Since so many experimental results are avail- 
able for different steels, showing the effect of 
5 hours’ isothermal treatment at various tempera- 
tures upon the hydrogen content, it may be useful 
to calculate how the time necessary to produce 
similar effects is determined by the size of the steel 
being treated. This has been done, and the results 
applicable to cylinders with a length/diameter 
ratio of 8: 7, are shown in Fig. 33. 

Effect of a Partial Hydrogen Atmosphere upon 
Hydrogen Removal.—The work so far carried out 
on the effect of heat-treatment upon hydrogen 
removal has corresponded to ideal conditions, in 


88P 


that the specimen surface has been free from scale 
and the hydrogen evolved from the specimen has 
been continually swept away by a stream of 
nitrogen. Under industrial conditions there is the 
possibility of a small percentage of hydrogen 
being present in the heat-treatment atmosphere, 
and, with a view to investigating the possible effect 
of such small partial pressures of hydrogen upon 
hydrogen removal, the following experiments were 
carried out. Two similar specimens were soaked 
in hydrogen at 1100° C. for 24 hr., after which 


4000 


: JOOOF 


2000-r 


Time of treatment, Ar. 


/OOOr 
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Dja. of billets, in. 
Fic. 33.—Effect of Billet Size upon Time Required for 
a Given Hydrogen Removal. 


one was quenched in brine. The hydrogen content 
of this specimen was determined in the normal] 
manner and was regarded as the initial hydrogen 
content. As soon as the first specimen was 
quenched, the atmosphere in the soaking furnace 
was changed to a mixture of hydrogen and 
nitrogen, accurately controlled by sensitive flow- 
meters, and the second specimen was contained in 
that atmosphere for 5 hr., after which it was 
quenched and analysed for hydrogen. Samples 
of the furnace atmosphere were collected at various 
times during the soaking period and the per- 
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centage of hydrogen determined. No appreci- 
able variation in the analysis of the furnace 
atmosphere was detected. Typical analyses, taken 
at the beginning and end of one experiment, were : 


Bley oem © Egy Cor OO sn Gets COs Voom Oss ome ay os 
11.50 a.m. 2-80 0-15 0-26 1:16 0-61 95-0 
4.30P.M. 2-88 0:55 0-30 0:96 0-23 95-0 


With the 3% chromium—molybdenum steel HD, 
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Fic. 34.—Effect of Partial Hydrogen Pressure in Furnace 
Atmosphere upon Hydrogen Removal from HD at 
1100° C. 


Hydrogen removed 
in 5 hr.,%. 


Ot, wee see oe eo: 
Hydrogen in furnace atmosphere, %. 


Fic. 35.—Effect of Partial Hydrogen Pressure in Furnace 
Atmosphere upon Hydrogen Removal from Steels 
at 1100° C. 


the furnace atmosphere was varied within the 
range 0-25% of hydrogen. Isolated experiments 
were also carried out on the nickel-chromium— 
molybdenum steel, V30, and the 149% manganese— 


TaBLeE XVII.—Hffect of Furnace Atmosphere upon Hydrogen Removal. 


Composition of Atmosphere. 


Specimen Exposed to Furnace Atmosphere for 5 br. 


Steel. eeioo oe 
H,, % OH,, %. | Total Hy, %. 
3% Cr—Mo, 0 0 0 aa 
AD. 2-88 0-55 3:98 7-65 
4:87 0-25 5-37 7.68 
11-50 0-33 12-20 7-79 
21-50 1-14 23-80 717 
4 ® 
Ni-Cr—Mo, 0 0 0 5-78 
V30. 14-10 1-21 16-60 5:96 
14% Mn-Mo, 0 0 (9) 8-33 
MM. 5-60 0-70 7-00 6-48 
7-85 0-84 6-89 


oes Description of Cracks. 
0-50 No cracks. 
2-83 8 long radial cracks. 
3°32 14 medium-long radial cracks. 
3°70 7 long and 2 short radial cracks. 
4-69 2 long quenching cracks; 9 medium radial 

cracks. 

0-47 No cracks. 
2-50 3 radial cracks. 
0:48 No cracks. 
2-76 1 severe quenching crack. 
3:43 6 long radial cracks, ~ 


THE REMOVAL OF HYDROGEN FROM STEEL. 


molybdenum steel, MM. The results of these 
experiments are given in Table XVII. and graphic- 
ally in Figs. 34 and 35. 

The initial hydrogen contents of the HD 
specimens are remarkably constant and when the 
final hydrogen contents of the specimens are 
plotted against the hydrogen content of the 
furnace atmosphere, a smooth curve results 
(Fig. 34). By plotting the percentage of hydrogen 
removed from the steel against the hydrogen 
content of the furnace atmosphere, it is possible 
to draw a single curve to represent the results 
for all three steels (Fig. 35). From these curves 
it is clear that the first 2 or 3% of hydrogen in the 
furnace atmosphere are most effective in retarding 
hydrogen removal from the steel, and this is borne 
out by the observation of cracks in the corre- 
sponding specimens, although no cracks were 
observed when a pure nitrogen atmosphere was 
used. 

It was to be expected that the effect of partial 
hydrogen pressures upon the removal of hydrogen 
would be less pronounced at lower temperatures, 
where the dissociation of molecular hydrogen 
on the steel surface would be less; to test this view 
experiments were carried out with the 14% 
manganese-molybdenum steel MM at 650° C. 
Two standard-sized specimens of this steel were 
soaked together in hydrogen at 1100° C. for 24 hr. 
Both were then removed from the furnace, cooled 
in air to 650° C., after which one was quenched 
in water and the other transferred to another 
furnace controlled at 650° C. and fed with a 
hydrogen atmosphere. After 5 hr. in this furnace 
the second specimen was quenched and the 
hydrogen content determined in the normal 
manner. A control experiment was carried out 
in which nitrogen was used in place of hydrogen 
for heat-treatment at 650° C. The results 
obtained are given in Table XVIII. 


Taste XVIII.—Hffect of Furnace Atmosphere on 
Hydrogen Removal from Mn—Mo Steel, MM, at 
650° C. 


| Furnace 


Atmosphere. 


Specimen Exposed to Furnace Atmosphere 
for 5 hr. 


Tnitial H, 
Content, 
c.c./100 g. 


Hy 
Content, 
c.c./100 g. 


Description of Oracks. 


No cracks. 

One quenching crack 
and two internal 
cracks. 


3-08 
3-87 


Nitrogen . 
Hydrogen . 


Although more hydrogen has been removed 
from the specimen treated in nitrogen than from 
the one treated in hydrogen, the effect is much 
less marked than at 1100°C. Since an atmosphere 
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of pure hydrogen has relatively such a small 
effect upon the rate of removal at 650° C., it 
seems unlikely that the effect of a few per cent 
of hydrogen in the furnace atmosphere will be 
pronounced. 

Effect of Scale wpon Removal of Hydrogen, at 
1100° C.—An isolated experiment was carried 
out in an attempt to determine whether the 
presence of scale on the specimen surface was 
prejudicial to the removal of hydrogen. Two 
specimens of 34% nickel steel, S69, were soaked 
in hydrogen at 1100° C. for 24 hr., after which 
one specimen was quenched to act as control. 
The furnace atmosphere was replaced by oxygen 
for 20 min., in order to build up a relatively thick 
layer of oxide on the second specimen as quickly 
as possible. For the remainder of the 5-hr. 
heat-treatment at 1100° C., a current of air was 
passed over the specimen, which was then quenched 
and the hydrogen content determined in the usual 
manner. During quenching the scale flaked off, 
and its thickness was found to be 0-012 in. The 
initial hydrogen content of the control specimen 
was found to be 6-88 c.c./100 g., while the scaled 
specimen contained 0-82 c.c./100 g., which 
corresponds to the removal of 88° of the initial 
hydrogen content during the 5-hr. heat-treatment 
at 1100° C. The results for the unscaled speci- 
mens of this steel have been given in Table X. 
from which it will be seen that the initial and 
final hydrogen contents were 6-03 and 0:33 c.c./ 
100 g., respectively, corresponding to a removal 
of 946% in5hr. Owing to the difference between 
the initial hydrogen contents of the specimens, 
it is difficult to gauge the effect of the scale upon 
hydrogen removal. However, the law for the 
removal of hydrogen from S869 at 1100° C. has been 
determined, and the results for an initial content 
of 6-03 ¢.c./100 g. are reported graphically in 
Fig. 15. Similarly, the curve for the 3% 
chromium—molybdenum steel, HD, with an initial 
content of 7-70 c.c./100 g. is given in Fig. 16, 
and for both curves the value of ” to be inserted 
in equation (1) is 1-2. It seems reasonable to 
suppose that the curve for S69, with an initial 
content of 6-88 c.c./100 g., will lie between those 
given in Figs. 15 and 16, in which case it can be 
said that, in the absence of scale, the hydrogen 
content would have been reduced to 0-82 c.c./ 
100 g. in about 23-3 hr., instead of the 5 hr. 
determined experimentally. Bearing in mind 
that the scale was of minimum thickness when the 
hydrogen content of the specimen was at a maxi- 
mum and that even at the end of the experiment 
the scale was still only 0-012 in. thick, there does 
seem to be evidence in these results that the 
effect of scale on the outside of the specimen is to 
retard the removal of hydrogen. Further ex- 
perimental work is necessary before a more definite 
statement can be made. 
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MISCELLANEOUS EXPERIMENTS. 
Diffusion of Hydrogen through Steel. 

In the early stages of this work it was considered 
desirable to compare the diffusion characteristics 
of different steels under similar conditions, par- 
ticularly in the transformation range. Complica- 
tions arise if the conventional type of diffusion 
apparatus is employed for steel specimens. Thus, 
reaction between carbon and oxygen causes the 
evolution of carbon monoxide and the differing 
oxygen and carbon contents makes comparison 
between different steels almost impossible. 
Furthermore, the diffusion of hydrogen is accom- 
panied by some methane formation and, since both 
processes cause decarburization, it is not possible 
to obtain steady conditions until the steel is almost 
free from carbon. Since it was believed that the 
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with sensitive gauges. No specimen was em- 
ployed unless the known limiting vacuum of the 
system could be reached when the specimen was 
included in it. 

During the experiment the specimen was sur- 
rounded by hydrogen, and the steel tube was 
connected to a sensitive differential oil-mano- 
meter and to a Hyvac pump. The normal 
procedure, adopted after a number of preliminary 
experiments, was to soak the specimen at 1050° C. 
at the same time maintaining a vacuum within 
it, until the evolution of carbon monoxide, as 
indicated on the discharge tube, was reduced to 
very small proportions. A period of 1-4 days 
was necessary for this, depending upon the steel 
from which the specimen was made. When this 
state had been reached, the system was isolated 
from the vacuum pump and the change in pres- 


Jo vacuum ' 


Gas inlet . 
Water inlet 


Rubber bung 


Fia. 36.—Apparatus for the Measurement of Diffusion or Evolution of Hydrogen from Steel. 


presence of carbon was likely to have a marked 
influence upon the diffusion of hydrogen through 
the steel, it was decided to use a form of speci- 
men in which these effects would be reduced to a 
minimum, and the apparatus illustrated in Fig. 
36 was developed for this investigation. 

The specimen was 1? in. in dia. and 7 in. long, 
and a hole } in. in dia. was drilled axially from 
one end to a depth of 54 in. The same end was 
tapered for a distance of 14 in., so that the parallel 
portion was 54 in. long. A mild-steel tube, of 
+ in. external dia. and 3; in. bore, was passed 
down the centre of the specimen and an arc- 
welded joint was made between the two. A gas 
pressure of 150 atm. was maintained inside 
the tube whilst the specimen was under water 
and, if no bubbles could be detected, the specimen 
was then connected to a vacuum system fitted 


sure during a given interval of time, usually 10 
min. was measured on the oil manometer. This 
process was repeated at intervals until consistent 
readings were obtained. The temperature was 
then lowered by 100° C., and 24 hr. were allowed 
for equilibrium to be reached, during which time 
the interior of the specimen was evacuated and 
the furnace temperature controlled. The rate of 
change of pressure was then measured in the 
manner already described and the process repeated 
at successively lower temperatures, readings being 
taken at closer intervals within the transformation 
range. At temperatures below 300° C. the rate 
of change of pressure registered by the oil mano- 
meter was very small, and the temperature was 
then raised in stages. Readings of the rate of 
change in pressure were taken at suitable tempera- 
ture intervals, and the results obtained on cooling 


THE REMOVAL OF HYDROGEN FROM STEEL. 


and on heating were plotted on a single graph. 
Specimens were examined separately, and great 
care was taken to ensure that conditions were 
identical for the different steels. 

The results obtained for the nickel—chromium— 
molybdenum steel, 4811, the 14° manganese-— 
molybdenum steel, FA, a mild steel containing 
0:21% of carbon, M20 and an ingot iron are given 
in Fig. 37. 

It should be emphasized that no attempt was 
made to carry out quantitative measurements 
of the diffusion constant; indeed, it is clear that, 
with the arrangement illustrated in Fig. 36, it is 
not possible to assign a definite temperature to any 

ithe readings taken. Unless a suitable tempera- 
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The results illustrated in Fig. 37 show that for 
a given temperature the rate of diffusion, as 
measured by the rate of change of reading of the 
oil manometer, is higher when the steel is in the 
a than in the y state. As would be expected, 
the heating and cooling curves agree above the 
Ac, change-point, and the extent of the hysteresis 
loop between the curves for cooling and heating 
respectively is closely related to the transforma- 
tion characteristics of the steel. Thus, with the 
nickel-chromium—molybdenum steel, 4811, the 
transformation on cooling is extremely sluggish 
and there is no sudden change in the diffusion 
rate. With the manganese-molybdenum steel, 
FA, transformation is complete within 24 hr. 


600 800 
Tempereture, °C. 


4000 


Fic. 37.—Diffusion Curves: (a) 4811, (b) FA, (c) M20, (d) Ingot Iron. 


ture gradient is maintained along the specimen, 
the amount of hydrogen diffusing through the 
steel tube, the weld, and the conical section of the 
specimen will be large compared with that 
diffusing through the parallel portion. To over- 
come this, the furnace was deliberately wound in 
such a manner that the temperature of the 
weld was always well below that of the bulk of the 
specimen. The temperatures indicated in Fig. 37 
were those registered by a thermocouple outside the 
refractory soaking tube, the junction being 
about 2 in. from the plane end of the specimen. 
From the results obtained in the transformation 
range it would appear that the temperatures 
indicated in Fig. 37 are approximately 30-50° C. 
too high on heating, and correspondingly too low 
on cooling. 


at about 600° C., and there is an abrupt increase 
in the amount of hydrogen diffusing into the 
specimen. With the mild steel, 1/20, the hysteresis 
loop was more limited; for the ingot iron the 
change was almost instantaneous. In general, 
the same curve applied to all four specimens 
in the « condition, and, with the exception of the 
mild steel, 1/20, another curve was common to 
the y state. This curve even applied to M20 in 
the higher temperature range (950-1050° C.) and 
the deviation from the curve below 950° C. may 
be attributed to the presence of free ferrite in the 
specimen. The following experiment was carried 
out with the mild-steel specimen to obtain some 
idea of the speed with which hydrogen could 
diffuse through the steel. The hydrogen atmo- 
sphere was replaced by nitrogen, and the specimen 
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was maintained at 680° C. for 24 hr. After this 
period the oil manometer showed no change in 
pressure when the system was isolated, and it 
could therefore be assumed that all the hydrogen 
had been removed from the specimen. With 
the specimen still at 680° C., the nitrogen was re- 
placed by hydrogen and the oil manometer closely 
observed. Within half a minute of the turning on 
of the hydrogen, the oil manometer registered a 
change in pressure, and this increased progressively 
with time until, after 10 min., the rate of change 
of pressure was about half that corresponding to 
the normal diffusion rate at this temperature. 

A similar experiment was carried out at 900° C. 
Again, diffusion of hydrogen was detected within 
half a minute, but the later increase was much 
more rapid than at the lower temperature, and 
in 2 min. it had reached half the value obtained 
in the diffusion experiment at 900°C. The results 
of the diffusion experiments illustrated in Fig. 37 
confirm those obtained by other workers, using 
iron specimens, to the effect that the rate of dif- 
fusion of hydrogen is higher in the « state than at 
the same temperature in the y state; furthermore, 
the conclusion may now be drawn that, within 
the normal range of composition of low-alloy steels, 
the effect of alloying elements upon the rate of 
diffusion of hydrogen is negligible. 


Evolution of Hydrogen During Heating and 
Cooling. 


After the diffusion experiment on steel 4S11 
had been completed, the specimen was cooled in 
nitrogen from 1050° C. and the course of the 
evolution of hydrogen from the specimen was 
followed on the oil manometer. When the 
specimen had cooled to 200° C., the gas which 
had collected in the inner tube was pumped out, 
and the specimen was then reheated. The curves 
obtained on cooling and heating are reproduced 
in Fig. 38, and probably the most interesting 
feature is the absorption which occurred as soon 


as the « —> y change had begun; this in spite of 


the fact that the hydrogen pressure in contact 
with the steel was only 2 or 3 mm. of mercury. 
This observation shows clearly that when the 
y and « states coexist the hydrogen will tend to 
concentrate in the austenite. 

Since the apparatus was primarily designed for 
the diffusion experiments, which would entail 
maintaining a hydrogen atmosphere for several 
weeks, it was not possible to use a thermocouple in 
direct contact with the specimen. With the 
relatively rapid temperature changes occurring 
in the evolution experiments now being described, 
it is probable that the thermocouple readings were 
as much as 100° C. too low on cooling, and corre- 
spondingly too high on heating. The tempera- 
ture scale given in Fig. 38 and for other similar 
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experiments should therefore be regarded as 
qualitative only. 

A somewhat similar experiment was carried 
out on the ingot-iron specimen. After the 
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Fia. 38.—Evolution of Hydrogen from 4811 on Cooling 
and Reheating. 


diffusion experiment had been completed, the 
specimen was reheated in hydrogen and, when the 
internal hydrogen pressure had reached approxi- 
mately half an atmosphere, the specimen was 
allowed to cool in nitrogen from 1050° C., the 
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Fie. 39.—Evolution of Hydrogen from Ingot Iron on 
Cooling. 


change in pressure on the oil manometer being 
taken at 10° C. intervals. The rate of evolution 
of hydrogen is plotted on an ordinary temperature 
scale in Vig. 39; it will be seen that from 900° C. 
downwards the rate of evolution increased and 
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% 
reached a peak at 800° C. At 650° C., the 
evolution virtually ceased, which may be taken 
as an indication that the ingot-iron specimen 
had lost practically all its hydrogen before reach- 
ing that temperature, even with the relatively 
rapid rate of cooling (about 10° C./min.) employed 
in this experiment. 

These results may be compared with those 
obtained for steel 4811 (Fig. 38). In this case 
there is a minimum in the rate of evolution at 
about 480° C.; below this temperature the rate 
of evolution increases, rising to a maximum at 
about 350° C. 

A similar experimental arrangement has been 
used to follow the evolution of hydrogen from 
large specimens on air-cooling. The soaking 
furnace described in a previous paper! was used, 
with the following modifications: an axial hole, 
+ in. in dia. and | in. deep, was drilled at one end 
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Fic. 40.—Evolution of Hydrogen from N22 on Cooling. 


of the 44-in. dia. specimen, to take a j-in. dia. 
small-bore steel tube which was welded to the 
specimen to make a vacuum-tight joint. This 
steel tube passed through the base of the furnace 
in the position previously occupied by the 
thermocouple and was connected to a vacuum 
system incorporating pumps and a sensitive oil- 
manometer. Another small hole was drilled in 
the top of the specimen to take the thermocouple 
which was inserted when the furnace had been 
lifted. The steels examined with this arrange- 
ment were the 34% nickel steel, N22, and a 
14% manganese steel containing 0-35% of carbon, 
and the soaking periods were 10 hr. at 1100° C. 
and 10 days at 1000° C., respectively. At the end 
of the soaking period, the furnace and refractory 
tube were lifted together, the thermocouple 
was inserted, and the system connected to the 
specimen through the small steel tube was 
evacuated and isolated. Evolution of hydrogen 
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as measured on the oil manometer was recorded 
simultaneously with the inverse-rate cooling curve. 
The experimental results for the two steels are 
given in Figs. 40 and 41 respectively. For the 
nickel steel, N22, and for temperatures above the 
change point, the evolution of gas was small 
and decreased as the temperature was lowered. 
The bulk of the gas was evolved in a peak, with a 
maximum rate of evolution at 450° C., although 
the very much sharper peak on the inverse- 
rate curve occurred at 570° C. A sample of the 
gas collected throughout this experiment was 
analysed and found to contain 89% of hydrogen. 
With the manganese steel, no evolution was 
detected above 700° C., but' as the temperature 
was lowered further the evolution rapidly in- 
creased to a maximum at 560° C., and there was 
evidence of a subsidiary peak at 420°C. Thermal 
transformation of this steel was completed 
within a relatively narrow range, 635-560° C., 
and the peak on the evolution curve corresponded 
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Fia. 41.—Evolution of Hydrogen from FY on Cooling. 


exactly with the completion of the thermal 
change. In this experiment, cooling from 1000° 
to 250° C. took about 3 hr. 

These experiments on relatively small speci- 
mens of 4811 and of ingot iron, and on larger 
specimens of N22 and the 1-5% manganese steel, 
lead to the following conclusions : 


(i) Evolution of hydrogen diminishes rapidly 
as the temperature is lowered in the austenite 
range. 

(ii) The main evolution occurs at a tempera- 
ture which coincides with the completion of 
thermal transformation. 

(iii) In the case of the large specimens, the 
peak on the evolution curve extends over a 
much wider range of temperature than does the 
peak on the inverse-rate curve. 


Removal of Hydrogen During Cooling and 
Reheating. \ 
In a report circulated to the Hair-Line Crack 
Sub-Committee, Mr. W. J. Dawson gave details 
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of experiments in which he had been successful 
in preventing hair-line cracks in small billets of 
certain steels by reheating them to 650° C. within 
the incubation period. Some of these billets 
were forged to 2-in. dia. bar and kindly placed 
at our disposal for laboratory work. One billet 
of the manganese—-molybdenum steel, DA, and 
three each of the chromium—molybdenum steel, 
DB, and the nickel-chromium steel, DC, were 
available and the following experiments were 
carried out. Specimens from each billet were 
soaked in pairs in hydrogen at 1100° C. for 24 hr., 
after which one was water-quenched and the other 
cooled in still air. Hydrogen determinations 


In another series of experiments specimens 
of the same steels were soaked in hydrogen, 
water-quenched, and then reheated to 650° C. 
Different rates of reheating were employed, 
the times taken to reach 650° C. being 45 and 
15 min. respectively. In all cases the total time 
of heat-treatment was 2 hr., after which the 
specimens were quenched in brine, sectioned, 
and etched to reveal cracks. The results are 
summarized in Table XX. 

From these results it would appear that crack 
formation in water-quenched standard speci- 
mens of the manganese-molybdenum and 
chromium—molybdenum steels cannot be prevented 


TABLE XIX.—Effect of Water-Quenching and Air-Cooling on 2-in. dia. Billets. 


radial quenching cracks. 


ferential about 1 mm. below surface; 2 long 


Numerous rather fine radial cracks. 1-46 


Water-Quenched. Air-Cooled. 
Steel. 
‘eepere: Description of Cracks, ions Description of Cracks. 
x E 
DA 6-35 Many fine, medium-length radial. 3°38 A single deep-seated crack 
about 7 mm. long. 
DB. 6-48 Numerous, medium radial; some short circum- 3:30 8 typical hair-line cracks, 


deep-seated and random. 


6 internal cracks. 


Very numerous; mixture of fine and medium, 2°36 Single internal crack about 
radial. 6 mm. long. 
Mixture of short, medium and long radial cracks. 4-45 No cracks. 
2 ” ” ” ” 3-60. 2 
About 50 medium to long, rather wide cracks. 3-63 i 


TaBLE XX.—Hffect of Different Rates of Reheating on 2-in. dia. Billets. 


Slow Reheating. 


Several short radial cracks. 
Many fine radial cracks. 
Very numerous short fine radial cracks. 


quenching cracks. 


Many short radial cracks. 
Very many short radial cracks. 


short radial cracks. 


were carried out in the normal manner and the 
specimens were sectioned and examined for cracks. 
The results are given in Table XIX. 

The most obvious feature of the results is that 
it. is possible for the nickel-chromium steel, DC, 
to retain a greater quantity of hydrogen without 
the formation of cracks on air-cooling than either 
the manganese—molybdenum or the chromium— 
molybdenum steel examined. During the evolu- 
tion of hydrogen at room temperature under 
paraffin, the quenched specimens of DC1 and 
DC2 showed pronounced incubation periods of 4 
and 6 days respectively. With the other steels 
no sudden evolution of hydrogen was observed. 


Several extremely fine radial cracks with 3 severe | Many short to medium radial cracks. 


Quick Reheating. 


One or two very fine cracks. 
Many extremely short radial cracks. 
Very numerous short radial cracks. 


No cracks. 
3 severe quenching cracks extending to surface; 
no internal cracks. 


Quenching cracks extending to surface and a few | 2 quenching cracks extending to surface; no 


internal cracks. 


by reheating. In the case of the nickel-chromium 
steel, DC, however, quick reheating was successful 
in preventing the formation of internal cracks, 
although slow reheating failed to do so. It is 
significant that in the nickel-chromium steel 
the incubation was marked and a relatively 
high hydrogen content could be retained in air- 
cooled specimens without crack formation. 
Similar experiments were carried out on a variety 
of steels, and the hydrogen contents of the water- 


quenched and of the water-quenched and reheated — 
specimens were determined. The results are — 


given in Table XXI. 
It will be seen that the treatment was successful 


. 
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TaBLE XXI.—Effect of Reheating on Hydrogen Content and Crack Formation. 


Water-Quenched and Aged R.T.* Water-Quenched and Reheated to 650° C. 
Steel. 
5 Canney Description of Cracks, : ito ce Description of Oracks,. 
Cr R.T. 1-68 | Many long and extremely | R.T. 0-0 None. 
Heating 4:39 straight cracks. Heating 0-86 
Total 6-07 Total 0-86 
S65 RT: 2:43 | Numerous, fine and rather | R.T. 0-0 About 10 or 12 short cracks. 
Heating 3-70 short. Heating 0-37 
Total 6:13 Total 0-37 
FA +t R.T. 3-38 | Relatively few, but long. R.T. 0-06 | 2 short cracks. 
Heating 3:07 Heating 0-22 
Total 6:45 Total 0-28 
4S11 R.T. 2-92 | Numerous, fine short and | R.T. 0:06 | Many short radial cracks. 
Heating 3-61 long cracks mixed. Heating 0-37 
Total 6-53 Total 0-43 
C10 R.T. 1-55 | Many medium-length | R.T. 0:0 1 short crack. 
Heating 5-02 straight cracks. Heating 0-57 
Total 6-57 Total 0-57 
EY iy; R.T. 2-81 | 6 long and coarse with some | R.T. 0-05 | 2 long with many short, fine 
1-5% Mn, Heating 3-97 very fine and short. Heating 2-08 radial cracks. 
0-35% C Total 6-78 Total 2-13 
All4 R.T. 2-70 | 3 very long and many | R.T. 0-02 | 4 medium cracks. 
Heating 4-81 medium-length fine | Heating 0-86 
Total 7-51 cracks. Total 0-88 
MC R.T. 3:10 | Medium cracks, not radial, | R.T. 0:05 
Heating 4-66 at centre of specimen. Heating 0-82 
Total 7:76 x Total 0-87 
ATW (American) | R.T. 3-79 | Medium-length zigzag | R.T. 0-03 
1-5% Mn, Heating 4-38 cracks. Heating 0-49 
0-3% Mo. Total 8-17 Total 0-52 
CM Ret 5:23 | Several very long cracks | R.T. 0:05 
Heating 4:35 with many short and fine | Heating 0-70 
Total 9-58 ones. Total 0-75 


* R.T. = Room temperature. 
+ FA, and the 14% manganese steel,  Y, were reheated to 650° C. in 45 min., as compared with 15 min. for all 


other specimens. 


for steels CM, ATW, MC, and C11, and clearly 
unsuccessful for steels 4911, FY, S65, and A114, 
while A and C10 were borderline cases in that 
only one or two short cracks were observed in the 
cross-section. The initial hydrogen content by 
itself does not decide whether or not reheating is 
successful, as may be seen from the fact that 
successful results were obtained with CM, con- 
taining 9-58 c.c./100 g., whereas none of the steels 
for which treatment was unsuccessful contained 
more than 7-0 c.c./100 g. before reheating. 

In another series of experiments standard speci- 
mens of the manganese-molybdenum steel N17 
were soaked in hydrogen at 1100° C. and water- 
quenched, then rapidly reheated by being plunged 
into the lead or salt bath controlled at the 
required temperature. One specimen was re- 
moved from the bath after 10 min., and the other 
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after 2 hr., and both were water-quenched. 
Hydrogen determinations and examination for 
cracks were carried out in all cases and the 
results are given in Table XXII. 

A period of 7 days elapsed between the reheating 
treatment and heating for hydrogen determina- 
tion, so that it may be concluded that, with this 
steel and this size of specimen, it is possible to 
avoid cracks if reheating is sufficiently rapid and 
if the temperature is sufficiently high. Re- 
heating by plunging into the salt or lead bath is 
extremely rapid, and this causes the hydrogen 
contents of the specimens treated for 10 min. 
at 500° and 650° C., respectively, to be appreciably 
lower than those for the specimens treated similarly 
at 200° and 350° C. 

In a previous paper ! it was shown that with the 


D series of nickel-chromium—molybdenum steels 
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the effect upon crack formation of reheating to 
650° C. was progressively more marked as the 
carbon content was increased, and it was possible 
to link this up with the temperature at which 
the lowest peak occurred on the evolution curve 
of the corresponding steel. In discussing these 
results it was stated that “. . . in the extreme 
case it may even be possible, with a specimen 
containing a stable hydrogen-rich constituent to 


TaBLe XXII.—Effect of Reheating upon Hydrogen- 
Soaked, Water-Quenched Specimens of Mn—Mo 
Steel, N17. 


Treatment. Gontine. Description of Cracks. 
c.c./100 g. 
10 min. at 200° C. | 5:25 | Very numerous, fine and 
radial. 
2 hr. at 200° C. 3-28 | Few, short, fine and 
radial. 
10 min. at 350° C. | 5-16 | Medium, radial. 
2 hr. at 350° C. 2-90 | Very short, radial—al- 
most dots. 
10 min. at 500° C. 4-71 | Medium cracks, some 
; radial, some  deep- 
seated and random. 
2 hr. at 500° C. 1-27 | No cracks. 
10 min. at 650° C. | 3-66 i 


2 hr. at 650° C. 0-85 : 


reheat in such a manner as to prevent hair-line 
cracks. Thus it is conceivable that by sufficiently 
rapid heating breakdown of the constituent 
might be postponed to a temperature range in 
which the rate of diffusion is so high that the 
hydrogen released by breakdown of the hydrogen- 
rich constituent can readily leave the metal, and 
no void would be able to retain hydrogen under 
pressures sufficient to disrupt the steel.” 


Effect of Hydrogen upon Transformation. 


If the theory of crack formation put forward 
in an earlier paper! is sound, it would follow that 
hydrogen must exert an influence upon the 
y—~> «transformation; various experiments were 
therefore carried out with the object of detecting 
any such effect. Thus inverse-rate heating and 
cooling curves were taken in hydrogen, and the 
results compared with those for control specimens 
heated in vacuum or in nitrogen. No significant 
difference was observed when the _nickel- 
chromium—molybdenum steels, 4811 and F1, 
and the 3% nickel steel, #5, were used. It was 
thought that the method was probably too 
insensitive and that more satisfactory results 
might be obtained if the effect of hydrogen upon 
the transformation was investigated over a range 
of temperatures. Accordingly the isothermal 
transformation characteristics of the steel 4811 
have been examined in some detail. 

In normal work on isothermal transformation 
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the specimens are made as small as practicable, 
in order to ensure rapid and uniform cooling, 
but since in the present case it was desired to 
retain as much hydrogen as possible, it was 
decided to use specimens of 1-in. dia., as it was 
known that hair-line cracks could be produced 
in such specimens. To eliminate effects which 
might be due to the large specimen size, direct 
comparison was made in all cases between speci- 
mens which had been soaked in hydrogen and 
those which had been given identical treatment 
in nitrogen. 

All the specimens were soaked in nitrogen or 
hydrogen at 1150° C. for 4 days, before transference 
to a bath of molten alloy controlled at the re- 
quired temperature. Preliminary experiments 
showed that the grain-size was the same in nitrogen- 
and hydrogen-treated specimens. The general 
transformation characteristics were first explored 
by means of a suitable dilatometer, using specimens 
2 in. long by 1 in. dia. A hydrogen- or nitrogen- 
soaked specimen was rapidly transferred to the 
preheated dilatometer, which was then lowered 
into the isothermal bath. No appreciable differ- 
ence was observed in the induction period for 
nitrogen- and hydrogen-treated specimens except 
at 550° C., when it was found that transformation 
of the nitrogen-soaked specimen commenced 
after approximately 1 day, whereas the hydrogen- 
treated specimen showed no transformation until 
the end of 2 weeks. Whether the transformation 
was apparently completed or not at a given 
temperature, the expansion observed for the 
nitrogen-treated specimen was always greater 
than for the hydrogen-treated specimen, within 
the range 330-600° C. The dilatation curves 
obtained at 330°, 400°, and 450° C. indicated 
that a steady state had been reached, but changes 
in length were still slowly occurring after 19 days 
at 550° C. or 2 days at 600° C. In order to 
compare the relative amounts of untransformed 
austenite in the nitrogen-soaked and in the 
hydrogen-soaked specimens after the same iso- 
thermal treatment, further dilatation specimens 
were held at 500°, 550°, and 600° C., respectively, 
for 24 hr., and the dilatometer was then removed 
from the lead bath and used to measure the 
changes in length accompanying the transforma- 
tion of the austenite on cooling. The dilatation 
curves obtained in this manner are reproduced 
in Fig. 42. The results show that 24 hr. at 500° C. 
is sufficient to ensure the complete transformation 
of the nitrogen-treated specimen, whereas the 
dilatation curve for the corresponding hydrogen- 
soaked specimen reveals the presence of a small 
quantity of austenite. At 550° C. the difference 
between the nitrogen- and hydrogen-treated 
specimens is very marked, the hydrogen-treated 
specimen showing an expansion of 57 xX 10~¢ in., 
whereas the control specimen expanded only 
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22 x 10% in. This is in agreement with the 
dilatation curves taken at 550° C., which showed 
that only the nitrogen-treated specimen com- 
menced to transform in the first 24 hr. Both 
specimens isothermally treated at 660° C. had 
partially transformed within the first 24 hr., but 
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Fie. 42.—Dilatation -of Steel 4811 on Cooling from 
Isothermal Bath. 


in this case also there was more untransformed 
austenite in the hydrogen-treated than in the 
nitrogen-treated specimen. 

After this preliminary exploration with a dilato- 
meter, the field was explored in greater detail 
metallographically. Six specimens of 1 in. dia. 
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all observations were confined to a central area 
of 4-in. dia., which was unaffected. Specimens 
were etched, to show the transformation products 
clearly against a background of lightly etched 
martensite, and were then explored thoroughly; 
a typical area was selected and photographed at a 
magnification of 100 diameters. A tracing of the 
negative was taken on squared paper and the 
area occupied by the transformation products 
was measured independently by two workers. To 
express the results numerically, the area occupied 
by the transformation products was expressed 
as a percentage of the total area of the field and 
taken as the percentage of transformation. To 
express the results in graphical form, the method 
described by Austin and Rickett 3? was adopted. 
These workers found that the transformation 
of austenite at constant temperature could be 
represented by an empirical equation of the type : 
Log pg —p = k logt + C, 
where P is the percentage transformed at time t. 
They also showed that, if the percentage trans- 
formed is plotted on an autocatalytic scale 
against log ¢, a straight-line relationship is ob- 
tained which facilitates extrapolation to the be- 
ginning and end of transformation. The results 
plotted in this manner are given in Fig. 43. 

It will be seen that the experimental points lie 
reasonably well on straight lines, as stated by 
Austin and Rickett, and the results justify the 
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Fig. 43.—Isothermal-Transformation Data, Hydrogen- and Nitrogen-Treated 4511, plotted on autocatalytic 
? scale. 


and 1 in. in length were treated and quenched 
together in the lead bath; after periods based on 
the dilatometric curve already obtained for the 
particular temperature, they were in turn removed 
and quenched in brine. Each specimen was then 
sectioned, and one half was polished for micro- 
examination and the other for hardness measure- 
ments. Both nitrogen- and hydrogen-treated 
specimens showed signs of decarburization in an 
outer ring about } in. in thickness, and therefore 
1946—i 


conclusion that, as far as the nickel-chromium— 
molybdenum steel, 4811, is concerned, and within 
the range examined, the effect of hydrogen 


treatment is to retard the transformation at 


temperatures above 450° C. Below this tempera- 
ture the effect of hydrogen is small, but, if anything, 
it tends to accelerate the transformation. This 
effect at the lower temperature was shown clearly 
by the hardness determinations. Thus, for the 
hydrogen-treated specimens, the hardness reached 


H 
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a constant value after 5 min. at 400° C., or 20 min. 
at 350° C., whereas the hardness value of the 
corresponding nitrogen-treated specimens was 
greater and was still falling after longer periods. 
In general, the hardness determinations gave 
confirmation of the results of dilatometric and 
micro-examination. At temperatures other than 
550° C., hydrogen appeared to have little effect 
upon the period of induction. 

The hardness specimens were etched to reveal 
hair-line cracks, and the results obtained are 
summarized in Fig. 44. No internal cracks were 
observed in any of the specimens which had been 
treated in nitrogen, but all of the hydrogen- 
soaked specimens which were quenched from the 
shaded area of Fig. 44 contained hair-line cracks. 
Specimens quenched from points outside this area 
showed no internal cracks. For convenience, 
the curves indicating the beginning and ending of 
transformation are also drawn in Fig. 44, and it 
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Fia. 44.—Relation between Crack Formation and 
Transformation Characteristics of 4S11. 


will be seen that, by giving a suitable isothermal 
treatment at 550° or 600° C., it was possible to 
avoid hair-line cracks, although transformation 
had not even commenced when the specimen 
was quenched in brine. On the other hand, it 
was possible to obtain cracks in specimens 
quenched from temperatures of 250-375° C., 
although transformation of the steel was complete 
before quenching. Since it was found that 
sufficiently long soaking at these temperatures 
would eliminate cracks, it followed that the cracks 
could not have been formed during the process 
of transformation, and therefore that transforma- 
tion stresses could not have been the cause of the 
cracks observed. It is interesting to note that 
after 34 min. at 330° C., the steel was about 40% 
transformed and there were many radial cracks, 
whereas after 64 min. the steel was about 65% 
transformed and the cracks were deep-seated 
and random. 

In another series of experiments, standard 
Jominy test-pieces were soaked in hydrogen or 
nitrogen at 1050° C. for various lengths of time 
up to 70 hr. After end-quenching, the specimens 
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were prepared by wet-grinding a flat to a depth of 
0-25 in., the last 0-015 in. being removed 0-001 in. 

at a time. After final hand-finishing on emery 

paper, diamond pyramid hardness measurements — 
were taken at ,),-in. intervals along the midline 

of the flat, using a 30-kg. load. Most work was 

carried out on the 3% nickel steel, N22, and com- 

parison of the results obtained for hydrogen- and 

nitrogen-treated specimens showed no difference 

at the hardened end, but possibly 10 or 20 points 

difference in the slowly cooled parts, where the 

hydrogen-treated specimens tended to be harder. 

With the nickel-chromium—molybdenum steels, 

4811 and S65, and the manganese-molybdenum 

steel, FA, no difference was found between the 

behaviour of the hydrogen- and nitrogen-treated 

specimens. With a view to accentuating any 

effect which hydrogen might have, specimens 

2 in. long by 1# in. dia. of steels 4811, S65, and . 
FA were soaked in hydrogen or nitrogen, and oil- 
quenched or air-cooled. Hardness determina- 
tions were carried out on a suitably prepared 
mid-transverse section, but no significant difference 
in hardenability was detected between hydrogen- 
and nitrogen-soaked specimens. 

Bearing in mind the work on the isothermal 
transformation of steel 4811, these results are 
quite understandable. In 4811, at least, the 
effect of hydrogen is to retard the transforma- 
tion at temperatures above 450—500° C., yet with 
the steels employed, except N22, the transforma- 
tion on cooling occurs below 500° C. Assuming 
that the effect of hydrogen upon these steels is 
similar, it is clear that no change in hardenability 
can be expected when 4811, S65, or FA is used. 
With steel N22, the change-point on cooling 
occurs at about 570° C., and any retarding effect 
of hydrogen upon the transformation would be 
expected to make the steel harder in those parts 
of the Jominy test-piece which are cooled slowly. 

With a view to obtaining more information 
about the effect of hydrogen upon transformation 
during cooling, a dilatometer was constructed 
to take specimens of 1 in. dia. and 4 in. in length. 
This consisted essentially of a long fused-silica 
tube and two solid-silica rods, one of which trans- 
mitted changes of length of the specimen to the 
sensitive dial-gauge which was attached to one 
end of the silica tube. The other silica rod pushed 
against an end plate, which was fitted with a screw 
adjustment and openings for the admission of a 
thermocouple. In order to ensure a uniform 
temperature throughout the specimen during 
cooling, the middle part of the silica tube, where 
the specimen was situated, was placed in a furnace 
maintained at a suitable temperature. As soon 
as the hydrogen- or nitrogen-soaked hot specimen 
had been quickly transferred to the dilatometer, 
the furnace was switched off and the specimen 
allowed to cool with the furnace. By adjusting 
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the furnace temperature it was possible to obtain 
various rates of cooling, particularly in the higher 
temperature ranges. 

Dilatation curves were obtained on_ steels 
FY, 4811, FA, CM, and a case-hardening 3% 
nickel steel, CH, after soaking in hydrogen or 
nitrogen at 1100° C. for 24 hr., and the results 
are given in Figs. 45 and 46. Probably the most 
interesting feature is that the hydrogen-soaked 
specimens in each case showed some 20-30% 
less expansion at the y —> « transformation than 
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possibility is that the austenite lattice is expanded 
by the hydrogen in solution to a greater extent 
than the « lattice which is formed from it, and 
which contains considerably less hydrogen, so 


that the apparent expansion on transformation 
is less. 


Formation of Hair-Line Cracks under Various 
Conditions. 
A specimen of 4811 steel, 3 in. long by 1#-in. dia., 
was soaked in hydrogen at 1100° C. for 48 hr., 
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Fig. 45.—Dilatation Curves of Hydrogen- and Nitrogen-Treated Specimens on Cooling from 1100° C. 
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Fic. 46.—Dilatation Curves of Hydrogen- and Nitrogen-Treated Specimens on Cooling from 1100° C. 


the corresponding nitrogen-soaked specimen. The 
slope of the curve obtained for the hydrogen- 
treated specimen of the 3% chromium—molyb- 
denum steel, CM, in the austenitic region is 
abnormal, but it is not clear whether this should 
be attributed to the effect of hydrogen or not. 
The difference in expansion occurring at the 
transformation could be explained in terms of the 
retention of austenite by hydrogen, but another 


after which it was cooled in air. When a sensitive 
dial-gauge indicated that the expansion at the 
transformation was completed, the specimen 
was quenched in water and was immediately 
cut half-way through at the mid-transverse section 
and then half-way longitudinally, so that a quarter 
of the specimen was removed. The remainder 
of the specimen was allowed to age at room 
temperature for 2 days, after which the longi- 
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tudinal cut was completed, and the whole longi- 
tudinal section was etched to reveal cracks 
(see Fig. 13). The black line in Fig. 13 corre- 
sponds to the first transverse saw-cut. It is 
clear from the photograph that the first longitudinal 
saw-cut was commenced before the incubation 
period was over, but that the last 4 in. or so 
coincided with the first stages of crack formation. 
The 2 days’ ageing at room temperature were 
sufficient to enable numerous cracks to be formed 
in the lower half of the specimen. Micro- 
examination of the specimen revealed the presence 
of appreciable areas of martensite, particularly 
near the centre of the specimen, and it was 
found that the cracks were, for the most part, 
intercrystalline and showed no preference for 
hard or soft areas. 

Standard specimens of the ball-bearing steel, 
N31, were soaked in hydrogen and then water- 
quenched or cooled in air. After ageing for 
1 week at room temperature under paraffin, the 
specimens were heated for hydrogen determina- 
tions and were then sectioned and examined for 
cracks. The quenched specimens showed quench- 
ing cracks but no internal cracks, whereas hair- 
line cracks were always obtained in the air-cooled 
specimens. The hydrogen contents determined 
in the normal manner were 7-43 and 4:64 c.c./ 
100 g. for the water-quenched and _ air-cooled 
specimens respectively. Similarly, with this steel, 
cracks were not observed in a hydrogen-soaked 
specimen which was quenched from immediately 
above the Ar, change-point, but were numerous 
in another specimen which was quenched as soon 
as the expansion at the transformation was 
apparently complete. This behaviour of N31 
is quite different from that of other steels. Thus, 
water-quenched specimens of steels C10, CM, and 
N17, with hydrogen contents of 6-57, 9-58, and 
7:13 c.c./100 g. respectively, showed many radial 
cracks, while the air-cooled specimens of C10 
and N17, with hydrogen contents of 3-39 and 
2-10 c.c./100 g. respectively, showed one or two 
cracks; the corresponding CM specimen, which 
contained 3-75 c.c./100 g., was completely free 
from cracks. 

As might be expected, the composition of the 
steel plays an important part in determining the 
amount of hydrogen lost during the transformation, 
but a steel which loses more hydrogen at the trans- 
formation is not necessarily less susceptible. to 
crack formation. This is illustrated by the results 
obtained for the nickel-chromium—molybdenum 
steel, V30, and the manganese—molybdenum 
steel, DA. The hydrogen content of these two 
steels, after quenching from just above the change- 
point, were 5-96 and 5-65 c.c./100 g., respectively, 
and both contained numerous radial cracks. 
The nickel—chromium—molybdenum specimen, 
quenched immediately below the Ar, change- 
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point, contained 2-50 c.c./100 g. and showed one 
internal crack in the section examined, whereas 
the corresponding manganese—molybdenum speci- 
men retained 4-60 c.c./100 g., but was free from 
cracks, 

The anomalous behaviour of the ball-bearing 
steel N31 was further investigated by giving a 
hydrogen treatment to specimens 4 in. long by 
1?-in. dia. and then carrying out a Jominy end- 
quench. A longitudinal flat was ground suffi- 
ciently deep to remove the decarburized layer, 
and diamond pyramid hardness measurements 
were taken along the length of the specimen; 
the results are given in Fig. 50: After ageing for a 
week at room temperature, the specimen was 
softened and sectioned longitudinally before 
etching, to reveal the internal cracks, which are 
also illustrated in Fig. 50. The most interesting 
feature is the complete absence of cracks in the 
quenched end, while the upper zone, which 
cooled more slowly, contained many cracks. 
Fig. 50 shows that the hardness in the crack-free 
zone varies from 600 to 720, whereas the hard- 
ness where the cracks appear is generally about 
500. 

Similar experiments were carried out on a 
variety of steels, and the results are given in 
Table XXIII. and illustrated in Figs. 51 to 57. 
In contrast with the steel N31, the tyre steel, 
K6, contained cracks only near the quenched 
end, the softer regions being completely free 
from cracks. There appears to be no-direct con- 


‘nection between hardness and crack formation, 


however, for in the one steel it is possible for cracks 
to appear in the hard zone and not in the soft 
(e.g., K6) or vice versa (e.g., N31), or even for cracks 
to occur in both hard and soft zones while at the 
same time an intermediate region is completely 
free (e.g., S69). 

The general appearance and distribution of the 
cracks in the 33% nickel steel, S69, the nickel- 
chromium—molybdenum steel, V30, and the man- 
ganese—-molybdenum steel, N17, are similar, 
although these steels differ widely in composition. 
On the other hand, though both N17 and MM 
are nominally 14°% manganese—molybdenum steels, 
the appearance of the cracks in the two specimens 
differs very considerably, particularly near the 
quenched end. Compared with the other alloy 
steels examined in this way, the nickel-vanadium 
steel, NV, and the chromium—molybdenum steel, 
DB, show very few cracks, and the distribution 
is somewhat similar in the two cases. 

To assist in assessing these results, the tempera- 
tures at different positions in the specimen were 
measured during quenching. The specimen used 
for this purpose was the nickel-chromium steel, 
DC, and longitudinal holes of 3% in. dia. were drilled 
to depths of 4, 14, 24, and 34 in., respectively, 
from the top and at equal distance from the axis. 
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Simultaneous temperature readings were taken at 
intervals of 30 sec. and the results are plotted in 
the form of cooling-rate curves in Fig. 47. The 
direct cooling curves obtained showed reduced 
cooling rates in certain temperature ranges due 
to the transformation. In the hot end of the 
specimen the temperature range was approximately 
from 525° to 325° C., and as this range would 
include the transformation on cooling of most of 
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Effect of Hydrogen upon Mechanical Properties. 


It has been known for some time that hydrogen 
causes embrittlement of steel, and once it is ac- 
cepted that hair-line cracks occur only when the 
steel contains sufficient hydrogen, a detailed 
knowledge of the effect of this element upon the 
mechanical properties becomes highly desirable. 
Zapffe and Sims* have carried out much work 


Taste XXIII.— Appearance of Cracks in End-Quenched, Hydrogen-Soaked Specimens. 


| D istande Cf Hardness 
Steel. Vig. No. Sean Range. Description of Cracks. 
End, in. 
en =! 
N31 50 0-0-24 720-600 | No cracks. 
24-4 600-490 | Many medium, zigzag cracks with a tendency to be transverse. 
K6 51 0-1 675-530 | Mixture of very long transverse cracks, with dots near quenched end. 
1-3 530-335 | Single longitudiual crack on axis. 
3-4 335-245 | No cracks. 
NV 52 0-3 655-630 | Numerous dots, and very short cracks. 
4-3 665-640 | A few medium-length cracks. 
3-13 | 640-325 | No cracks except a very severe quenching crack. 
12-34 | 325-260 | 14 zigzag medium cracks in random distribution. 
34-4 Below 260) A single short longitudinal crack. 
S69 53 0-4 670-690 | Very numerous medium cracks, with some dots very near quenched 
end. 
3-13 670-640 | Mixture of medium to long transverse and longitudinal cracks. 
1}-24 | 640-560 | No cracks. 
21-34 | 560-375 | Many medium-length longitudinal with a few short random cracks. 
34-4 375-300 | A cluster of 10 small to medium transverse cracks. 
DB 54 0-3 385-280 | A few short cracks. 
33 280-240 | No cracks. 
4 240-230 | A few medium to long zigzag longitudinal cracks. 
N17 55 0-14 | 565-530 | Long and widely spaced cracks, with a tendency to transverse. 
13:3 530-400 | All cracks longitudinal, shorter and more zigzag. 
3-4 390 Very short cracks in random distribution. 
MM 56 0-3 600-575 | 1 longitudinal quenching crack. 
3 565 1 long, broad, transverse crack. 
] 500 1 long, broad, transverse crack. 
1-24 | 500-300 | Mixture of short random with medium transverse cracks. 
24-4 295 Numerous short longitudinal cracks. 
V30 57 0-+ 515-495 | No cracks. , 
1-11 | 495-475 | Mixture of medium, long, and very long cracks distributed at random 
around an oval zone free from cracks. 
14-14 | 475-450 | No cracks. sath! 
14-3 450-320 | Several medium random and many very short and fine longitudinal 
cracks near the axis. 
3-4 320-300 | 2 short cracks. 


the steels examined, the curves shown in Fig. 47 
may be regarded as representative. The cooling 
curve for the position 4 in. from the quenched 
end showed reduced cooling rates due to trans- 
formation in the neighbourhood of 200° C. The. 
reduced cooling rates due to transformation at 
-different temperatures are the cause of the over- 
lapping of the curves of Fig. 47, in which rate of 
cooling is plotted against position in the specimen. 


on the effect of hydrogen upon the mechanical 
properties of iron and carbon steels, but relatively 
little upon low-alloy structural steels. In the 
present work tensile tests were used, because pre- 
liminary experiments showed that the Izod 
impact test was relatively less sensitive to the 
presence of hydrogen. This is illustrated by the 
results obtained for the 3% chromium—molyb- 
denum steel, CM (reported in Table XXIV.), 
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for tensile specimens of 2 in. gauge length and 
0-564 in. dia., and for Izod specimens of 1-cm. 
Sq. cross-section. 

The tensile test results for a number of steels 
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Fig. 47.—Cooling Rates at Various Temperature Levels 


along a 13#-in. dia. Specimen during Jominy End- 
Quenching. 


after various treatments in hydrogen or nitrogen 
are given in Table XXV. 

It is convenient to consider the effect of hydro- 
gen upon the individual mechanical properties of 
those steels which have received a standard treat- 


TaBLE XXIV.—ELHffect of Hydrogen upon 
Mechanical Properties of 3% Cr—Mo Steel, CM. 


Heat-Treatment 


Elongation | Reduction 
Atmosphere. 


on 2 in., %.| of Area, %. 


7-0 
56-0 


A.C. from 4:5 


18-0 


Hydrogen. 
Nitrogen. 


850° C. 
O.Q. from |f Hydrogen. 


850° C. Nitrogen. 


ment of 24 hr. at 850° C. in hydrogen or nitrogen, 
followed by air-cooling. 

In order to compare the effects of hydrogen 
upon different steels, the ratio between the given 
mechanical property for the hydrogen-treated 
and nitrogen-treated specimens will be taken. 
Limit of Proportionality. : 

Results are available only for ten steels and the 
corresponding numerical values of the ratio are 
given in Table XXVI. Thus, the limit of pro- 
portionality was exactly the same for hydrogen- 
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and nitrogen-treated specimens of N33 and N31, 
whereas for the other steels examined the limit 
of proportionality was lower in all cases for the 
hydrogen-treated specimens. In the worst case, 
N21, the limit of proportionality was reduced 
from 20-0 to 8-0 tons/sq. in. 


Proof Stress. 


The 0-1% proof stress was determined for the 
same steels and the ratio between hydrogen- 
and nitrogen-treated specimens was calculated. 
The proof stress appears to be less affected by 
hydrogen than is the limit of proportionality ; 
the ratios are given in Table X XVI. 


Maximum Stress. 


Hydrogen treatment appeared to have little 
effect upon the maximum stress, except for steels 
N23 and N23Mo, as is shown in Table X XVI. 


Breaking Stress. 


The ratio between the breaking stress on the 
reduced cross-section for the hydrogen-treated 
specimen and that for the control specimen treated 
in nitrogen varies considerably, although there 
appears to be no systematic variation with com- 
position. The values of this ratio are given in 
Table XXVI. The results for S69 appear 
anomalous, particularly when the figures for 
elongation and reduction in area are considered, 
but steel for repeating the experiment was not 
available. 


Reduction in Area. 


The results obtained for reduction in area are 
reclassified in Table XXVI. It will be seen that 
the reduction of area is most seriously reduced 
in the case of the nickel-chromium steel, N23, 
the nickel-chromium—molybdenum steel, V30, 
and the two chromium—molybdenum steels, and 
that the other steels examined fall in another 
category for which the effect, although still present, 
is far less: marked. N23Mo was least affected, 
and this is difficult to understand, when the 
behaviour of N23 and V30 is taken into account. 
N23 and N23Mo were treated simultaneously 
in the same furnace. 


Elongation. 


The elongation results show the same general 
tendency as those for reduction in area, as will 
be seen from Table X XVI. 


Of the ten steels for which measurements 
of limit of proportionality and proof stress are 
available, it can be said that hydrogen has a 
pronounced effect upon the limit of proportionality 
in the case of N21, S69, and N37 and upon the 
proof stress for N21. The maximum stress 
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TaBL—E XXV.—Tensile Test Results for Steels after Various Treatments in Hydrogen or Nitrogen. 


Limit of Breaking 
Propor- Proof Max. Stress on | Reduction} Elonga- H, 
Atmosphere. Treatment. tionality, Stress, Stress, Reduced | of Area, tion on | Content, 
tons/sq. |tons/sq. in.| tons/sq.in.| Area, %- 2 in., %. | ¢.c./100 g. 
in, tons/sq. in. | 
H, ° 10-0 28-0 66-0 69-7 11-0 9-0 1-16 
N, }24 hr., 850° C., A.C. {} i783 | 310 | 640 | 641 | 220 | 0 | .. 
He Heated to 1080° C., F.C. ae es 56-2 58-2 3-5 1:5 2-13 
N, 380° C., and W.Q. ss 64-0 73°8 16-0 6-2 See 
H ° 12-6 21-2 44-2 70:0 50:0 18-0 1-0 
Nn? | }10 days at 650°C. and W.Q.  {/ 148 | 996 | 480 | 763 | 450 | 220 |... 
15ls ° 13-8 30-0 67-6 710-4 6-0 4-5 
N, }3 Bese ai { 18-0 31:0 74-4 75-4 17-5 7:8 
igi, 8-0 21-4 47-6 56-9 22-0 10-0 1-52 
Moist H, | ?24 hr., 850° C., A.C. HEE B06 45-8 55-9 22-0 8-9 ae 
N, 20-0 28-2 48-0 70-4 39-5 14:0 
H, 24 hr., 850° C., A.C., reheated 47-8 66-5 35-0 17:6 
135° C; for 2 hr. 
H, 24 hr., 850° C., A.C., reheated 47-2 84-7 49-5 22-0 
135° C. for 6 hr. 
1Bl, ps hr., 850° C., A.C., renee ay 16-6 24-8 47-0 87-4 51:5 22-0 
N, 135° C. for 24 hr. 22-0 29-6 47-2 87-1 52:0 23-0 
is zg hr., 850° C., AC., beret hes Sere 44-4 79-0 58-0 29-0 
N, to 650° C. and W.Q. 44-4 78-6 58-0 29-6 
isk 10-0 18-8 37-4 50-1 32-5 24-0 
Moist H, | 724 hr., 850° C., A.C. 10-0 19-2 37-0 50:4 32:5 23-0 
N 10-0 19-6 37-2 85-6 61-0 33-6 


37:2 76-8 68-5 27-0 
37-4 78-1 69-0 27-0 
37-8 56-8 40-0 26-5 


A 24 hr., 850° C., A.C., lea 
to 650° C. and W.Q. 


H 

N 

H 24 hr., 850° C., A.C., reheated 
105° C. for 4 hr. 

H, 24 hr., 850° C., A.C., reheated 

H 

H 


37-8 UD 59-6 32-0 


105° C. for 43 hr. 
24 hr., 850° C., A.C., reheated 
105° C. for 24 hr. 
a 24 hr., 850° C., A.C., reheated 
105° C. for 28% hr. 
N, 24 hr., 850° C., A.C., reheated 
105° C. for 24 hr. 


19-0 37-2 70-5 63-5 33-5 


72-0 64-0 33-5 


70-0 62-5 


H, 55-4 | 44-0 | 28-0 
Moist H, \a hr., 850° C., A.C. oa ae 30:0 
: : 
H, 24 hr., 850° C., A.C., reheated f 97-4 | 69-0 | 37-0 
: to 650° C. and W.Q. 78-1 | 69:0 | 37-0 
H ns 67-1 | 21-0 7-0 
nw }24 hr., 850° C., A.C. { Tea ako (eo 
jae 24 hr., 850° C., A.C., reheated { 91-4 49-0 9-5 
N, to 650° C. and W.Q. 93-3 | 49-0 9-5 
H, 24 hr., 850° C., A.C., aged 45 f 73-8 | 35:0 | 140 
N, } days at R.T. 77-3 | 40:5 | 17-0 
H . 62-3 3-0 0-5 
No [}24 hr. 850° C., A.C. { 88-6 | 30-0 | 11-5 
H, 24 hr., 850° C., A.C., aged 12 { 80-3 | 20-0 6-0 
N, days at R.T. 83-1 35-0 12-5 


F.C. = Furnace-cooled. R.T. = Room temperature. 
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TABLE XX V.—Continued. 


Limit of Breaking : \ 
Propor- Proof Max. Stress on | Reduction] Elonga. Ay 
Steel. Atmosphere. Treatment. tionality, Stress, Stress, Reduced | of Area, tion on Content, 
tons/sq. | tons/sq. in.| tons/sq. in. Area, %- 2 in., %. | ¢.c./100 g. 
in, tons/sq. in. 
N19 H, 24 hr., 850° C., A.C., aged 454 21-5 | 36-0 | 67-8 | 88-4 | 34-2 | 13-5 
N, days at R.T. 23-0 | 37-2 | 63-6 | 77-0 | 37-7 | 15-0 
| N19 H, y24 hr., 850° C., A.C. and reheated 22:0 | 41:5 |. 69-0.| 77-5} °13-5 4-0 
N, 80° C. for 24 hr. 95-0.) a Bie, e620 | LSls2uuler do - Oras Lock 
N19 H, 24 hr., 850° C., A.C. and reheated 99-8 | 42:4 | 67-4 | 82-2 | 25-0 6-8 
N, 200° C. for 24 hr. 95-21 40-0) 61-22" S1eo | 54 12-0 
N19 isl, 24 hr., 850° C., A.C. and Eehentes 67-0 86-4 30-0 10-6 
N, 250° C. for 24 hr. 62-6 | 81-3.) 36:0 48 13:2 
N19 H, ee hr., 850° C., A.C. and Sh, 24-9 41-5 66-2 84-7 36-0 12-7 
N, 320° C. for 2} hr. 25-8 | 37-5 | 62:2 | 82-0 | 39-0 | 14-0 
Hy 3 15-0 | 26-3 | 46:0 | 63-3 33-0 421-0 
N, }24 hr., 850° C., A.C. {) 160 | 264 | 45-4 | 80-0 | 57-0 | 29-0 
H, y24 hr., 850° C., A.C. and reheated 16-0 | 29-9 | 46-0 |. 76-4-cl 50:0 |* 23-5) } 1-25 
N, 100° C. for 3 hr. 16-0 | 26-8 | 46-6 | 84-9 | 63-0 | 28-0 ar 
H F 21-2 | 28-8 | 58-0 | 68-7 | 17-0 | 10-0 
N, }24 hr., 850° C., A.C. {] 51-6 | 286 | 58-0 | 839 | 38-0 | 18-6 
H, y24 hr., 850° C., A.C., aged 454 93-5 | 39-8 | 61-0 | 82-9 | 32-2 | 318-5 
N, days at R.T. 22-0 | 30-5 -|.61-0 1283-4. | .35-0.1° 1920 
H A 36-0 | 58-0 | 72-4 | 72-4 nil nil 
N, }24 hr., 850° C., A.C. {) ans | 60-0 |104-0 | 129-5 | 26-5 5-0 
H - 30-5 | 48-0 | 72-0 | 96-0 | 25-0 1 
N, }24 hr., 850° C., A.C. {| 37-0 | 54-5 [102-4 |152-8 | 33-0 | 11-0 
H . 65-0 | 66-0 1-0 a 
No [}24 hr., 850° C., A.C. { 72-8 |101-0 | 44-5 | 14-0 
H - 17-L dyS8-8_.4 ¢h6-5 9-0 
N, }3 hr., 850° C., A.C. Wie5 | 109-Oeus 46-0. |* 15-0 
H z 81-0 |.97-0 | 19-5 9-0 
nN: |} br. 850° C., A.C. { 81-0 |117-2 | 50-0 | 15-0 
isl, 24 hr., 850° C., A.C., nanontals 56-4 98-2 63:5 24-5 
N, 650° C. for 1 hr. and W.Q. 57-0 | 98-7 | 65-0 | 23-0 
H ‘ 50-5 | 79-4 | 49-5 | 20-0 
nN }24 hr., 650° C., A.C. { ibe roe edo. |Pae-0 
H i 51-0 | 80-0 | 49-5 | 20-0 
No [$24 br., 650° C., W.Q. { 51:5 | 109-0 | 63-0 | 25-0 
H = 74:8 | 79-6 7-0 4:5 
N, }24 hr., 850° C., A.C. { 72-8 | 122-7 | 56-0 | 18-0 
H 27-0 | 50-4 | 52:0 | 36-0 
No }24 hr., 850° C., A.C. { 27-0 | 63:9 | 73-0 | 44-0 
K6 H, é Bis ta Ob Saal 16-0. | a0 
N. }24 hr., 850° C., A.C. { BA 5a Waa oak dane tt 
N31 H, ss 46-0 | 49:5 | 84-0 | 87-8 9-0 3-1 
no [}24hr., 850° C., AC. {| 46.0. |%2.0° | 84:00 b109-6 7). 3250/2 tas 


F.C. = Furnace-cooled. R.T. = Room temperature. 
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TaBLE XXVI.—M echanical-Property Ratios for Hydrogen- and Nitrogen-Treated Steels. 
(For Analyses, see Table I.) 
} 
Limit of Proportionality. 0-1% Proof Stress. Maximum Stress. Breaking Stress. Reduction in Area. Elongation. 
Steel. Ratio. Steel. Ratio. Steel. Ratio. Steel. Ratio Steel. Ratio. Steel. Ratio. 
N21 0-40 N21 0:76 N23 0:70 N23 0:56 N23 0-00 N23 0-0 
S69 0:52 N23Mo 0-88 N23Mo 0-70 N33 0:59 V30 0-02 V30 0-0 
N37 0-65 S69 0-90 N19 0-86 N23Mo 0-63 N19 0-10 N19 0:05 
N23Mo 0:82 N37 0:93 V30 0-89 OM 0:65 CM 0-13 N31 0-25 
N19 0:86 N31 0-95 N21 0:99 V30 0-65 N31 0:28 CM 0:25 
N23 0-87 N33 0:96 M20 1-00 N19 0:70 N22 0-45 N23Mo 0-28 
N38 0-94 N23 0-97 N31 1-00 M20 0:79 K6 0-46 N22 0-54 
N22 0-98 N19 0:97 K6 1-00 N38 0-79 S69 0:50 K6 0:67 
N33 1-00 N38 1-00 N22 1:00 N31 0-80 N33 0-53 N21 0-71 
N31 1-00 N22 1:01 N37 1-01 N21 0-81 N21 0:56 N33 0:71 
oO AES BAS ont N38 1-01 N22 0-82 NV 0:57 N38 0-72 
N33 1-01 NV 0:87 N38 0-58 NV 0:78 
CM 1-02 K6 0:90 M20 0-71 S69 0-82 
NV 1-03 N37 0-92 N37 0-73 M20 0:82 
S69 1:03 S69 1:08 N23Mo 0-76 N37 0:93 
is almost unaffected by hydrogen, except in the examined. It can therefore be said that, within 


cases of N23, N23Mo, N19, and V30, whilst the 
ratio between the breaking-stress results for 
hydrogen- and nitrogen-treated specimens shows 
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Fie. 48.—Effect of Tempering Temperature upon 


Reduction of Area of N19. 


a continuous gradual change from N23 to S69. 
For both reduction in area and elongation, the 
harmful effect of hydrogen is very marked in the 
cases of N23, V30, N19, and CM, and much less 
marked, though still prominent, for the other steels 


N 
ie) 


. treatment. 


the range of composition examined in the present 
work, excepting N23Mo, the effect of hydrogen 
upon the general mechanical properties is most 
pronounced in the case of the nickel—chromium, 
nickel-chromium—molybdenum, and chromium— 
molybdenum steels and that the nickel and plain’ 
carbon steels examined fall in quite another 
category. 

The miscellaneous experiments reported in 
Table XXV. show the effect of ageing at room 
temperature and of tempering after hydrogen 
In general, the mechanical properties 
are restored to normal by suitable ageing or tem- 
perature treatments, and the effect of tempering 
in the case of the chromium—molybdenum steel, 
N19, is illustrated in Fig. 48. As the tempering 
temperature is increased, the reduction of area 
for the hydrogen-treated specimen more closely 
approaches that of the nitrogen-treated speci- 
men which has received the same tempering 
treatment. The effect of time of tempering at 
105° C. upon the elongation and reduction of area 
of the case-hardening 3% nickel steel, N33, is 
illustrated in Fig. 49. It will be seen that 5 hr. 
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Fic. 49.—Effect of Tempering Time upon the Ductility of N33. 
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at this temperature is sufficient to restore the 
ductility of the steel practically to that of the 
nitrogen-treated specimen. The data given in 
Table XXV. for the nickel steel N21, which con- 
tains more carbon than does 33, show that in this 
case also, tempering at 135° C. for about 6 hr. 
is sufficient to restore the mechanical properties. 


DISCUSSION. 


The primary object of this work was to in- 
vestigate the removal of hydrogen from steel by 
heat-treatment, and results obtained by iso- 
thermal treatment of hydrogen-soaked specimens 
of nine different steels were reported in the 
first part of the paper (see Tables II. to XL, 
Figs. 1 to 9). As might be expected, the different 
steels showed different characteristics, although 
it is possible to group certain of them together 
according to their general behaviour. Thus, in 
each of the Figs. 1 to 9, there is an optimum 
temperature at which the removal of hydrogen 
from the corresponding steel can be most efficiently 
carried out. In the case of the 0-6% carbon 
steel, K6, and the case-hardening 3% nickel steel, 
N33, high rates of hydrogen removal under the 
standard conditions were observed over the wide 
temperature ranges of 150-700° C. and 200- 
650° C. respectively. For the other steels the 
optimum range is much more restricted, and with 
the 3% chromium-—molybdenum steel, CM, there 
is a sharp peak at 725° C., corresponding to the 
pearlitic transformation of this steel. In ad- 
dition, hydrogen removal is rapid from 200° to 
400° C., but between this range and the upper 
optimum temperature there is a pronounced 
minimum in the hydrogen-removal curve. Similar 
characteristics are shown. by the steels FA, NV, 
and N22, but the minimum centred round 550° C. 
is far less marked and covers a narrower range of 
temperature; also, as shown in Table XXVII., 
the removal of hydrogen from these steels is 
slightly more rapid. in the intermediate than in 
the pearlitic range of transformation. 

The behaviour of the nickel-chromium—molyb- 
denum steel, V30, is similar to that of the nickel 
steel, S69, in that there is no optimum tempera- 
ture in the upper range, and from 550° C. upwards 
there is a general increase in the rate of hydrogen 
removal with temperature, so that at 1100° C. 
the rate of removal of hydrogen is approxi- 
mately the same as at the optimum intermediate 
temperature. The investigation upon the nickel— 
chromium-—molybdenum steel, 4911, was limited 
to the narrow temperature range 325-600° C. 
and, as shown in Fig. 1(5), there is a sharp peak 
on the hydrogen-removal curve at 450°C. Above 
this temperature the rate of hydrogen removal 
falls rapidly and at 600° C. only some 7-5% of 
the total hydrogen was removed during the 
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5-hr. isothermal treatment, the lowest removal 
ever recorded in this range. 

The lack of precise isothermal-transformation 
data for these steels under the specified conditions 
does not permit an accurate correlation between 
hydrogen removal and transformation character- 
istics, but a review of the compositions of the steels 
indicates that in the majority of cases they do 
conform to each other. Thus, in steels which 
are known to transform both in the pearlitic 
and the intermediate range, such as the 3% 
chromium—molybdenum steel, CM, and the 15% 
manganese-molybdenum steel, FA, there are 
two ranges of temperature in which the removal 
of hydrogen may be effectively carried out. 
For other steels, such as V30, where the transforma- 
tion is not likely to occur within 5 hr. in the upper 
temperature range, only the intermediate tempera- 
ture peak is observed on the hydrogen-removal 
curve. For comparison on this basis, the 
hydrogen-removal characteristics of the nine 
steels are grouped and summarized in Table 
XXVIII. 


TaBLE XXVII.—Optimum Temperature Ranges 


for Hydrogen Removal. 
Steel. Temp., ° 0. H, Removed, %. 
K6 150-700 86-94 
N33 P 200-650 90-95 
725 86-6 
CM - {200-400 14-77 
625 90-0 
PA - 1 250-800 91-94 
600 88-5 
NV {300-450 92-96 
‘ 600 91-8 
N22 (small specimens) . { 250-450 88-97 
V30 . | 250-400 87-5-94-5 
S69 300-450 83-89 
4S11 450 87 


Only four of the steels show a high rate of re- 
moval in the pearlitic range, and in only one case is 
this rate greater than that at lower temperatures. 
Furthermore, this upper range of temperature 
for rapid hydrogen removal is extremely narrow, 
whilst the lower region, which is observed in all 
steels, usually extends over a range of at least 
150° C. From the point of view of hydrogen 
removal, at least from specimens of the size 
employed in this work, isothermal treatment 
in the intermediate range (usually at about 
350° C.) is generally to be preferred to treatment 
at higher temperatures. On the other hand, 
when the pearlite transformation occurs at a 
sufficiently high temperature, as in the case of the 
3% chromium—molybdenum steel, the resulting 
high rates of diffusion of hydrogen through the 
austenite and the transformation products may 
cause the rate of removal to be greater than at the 
lower temperatures. 


Prats III. 
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THE REMOVAL OF HYDROGEN FROM STEEL. 


Isothermal treatment at 1100° C. was found 
to result in high rates of hydrogen removal 
from the steels S69, V30, NV, K6, X, Q, and HD, 
and it might be thought that a still higher 
temperature would be even better, particularly 
as all steels show an increasing rate of removal 
as the temperature is increased within the 
austenite range. This is contrary to industrial 
experience, and must be caused by the special 
conditions applying to the laboratory work. 
Thus, our specimens were free from scale and 
were surrounded by a dry nitrogen atmosphere 
throughout the isothermal treatment. Under 
industrial conditions, billets and forgings are 
heavily scaled and the furnace atmosphere is not 
entirely free from moisture or hydrogen. The 
experiments which have been carried out upon 
the effect of furnace atmosphere show that a very 
small partial pressure of hydrogen at such high 
temperatures considerably retards the removal 
of hydrogen from the steel. At lower tempera- 
tures the dissociation of steam and of molecular 
hydrogen is small and the retarding effect is 
reduced to negligible proportions, as shown by 
the experiments carried out at 650° C. Although 
further work is desirable, there are indications 
that the presence of scale also reduces the rate 
of removal of hydrogen. 

The general shape of the hydrogen-removal 
curve gives a good indication of the difficulties 
of preventing crack formation in the correspond- 
ing steels. When a high rate of removal extends 
over a wide range of temperature, as with steels 
K6 and N33, a low susceptibility to hair-line 
crack formation is to be expected. To go to the 
other extreme, the very narrow and critical 
range of temperature in which hydrogen can 
be rapidly removed from 4811 is in complete 
accord with the fact that this steel is very sus- 
ceptible to hair-line cracks. Most of the steels 
examined were intermediate in behaviour between 
these two extremes, and in comparing them it is 
important to consider the general level of hydrogen 
removal over the whole temperature range. 
The curves for steels FA and NV show the same 
general tendencies, but the high rate of removal 
in the intermediate range is much more extensive 
for FA than for NV. On the other hand, the 
rate of removal from F'A drops to 46% at 550° C., 
compared with 69% at 525° C. for NV. In both 
cases the 550° C. minimum is confined to a much 
narrower range of temperature than in the case 
of OM, for which removal is less than 50% 
between about 450° and 650° C. Moreover, the 
general level of hydrogen removal is much lower 
for CM than for any of the other steels examined 
except 4911. It should be borne in mind that 
ease of hydrogen removal is not the only factor 
determining susceptibility to crack formation, 
for, as will be shown later, the concentration 
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of hydrogen which may be present without crack 
formation varies considerably with the heat- 
treatment, even for a given steel. 

The curves showing the hydrogen content of 
specimens given 5 hours’ isothermal treatment 
bear an inverse relationship to the corresponding 
curves for hydrogen removal, in spite of the fact 
that the initial hydrogen content fluctuates con- 
siderably with temperature. These fluctuations 
must be attributed to the varying amounts of 
hydrogen lost during the first 10 min. in the iso- 
thermal bath, because experiments showed that 
the hydrogen content introduced by soaking for 
24 hr. at 1100° C. was reproducible within narrow 
limits. 

In the experiments so far considered, the time of 
isothermal treatment had been adjusted to the size 
of the specimen, in order that the residual hydrogen 
contents would reflect the characteristics of the 
steel. Ifthe time of isothermal treatment had been 
sufficiently prolonged, the residual contents would 
have been negligible at all temperatures and 
would have given no indication of an optimum 
temperature. The results actually reported, using 
two specimens at each temperature, cannot be 
used directly as a quantitative guide for pre- 
ventive heat-treatment under industrial conditions, 
unless the variation of hydrogen content with time 
and the probable effect of specimen size are also 
known. 

Attempts were made to determine the law 
governing hydrogen removal using five specimens 
and various times of isothermal treatment. It 
was found that, at most temperatures, hydrogen 
removal was rapid in the early stages and slowed 
up as the residual hydrogen diminished. The 
experimental curves agreed reasonably well with 
an equation of the type : 
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where n varied with the temperature of iso- 
thermal treatment and a was a constant for a 
particular curve. By considering separately the 
radial and longitudinal diffusion of hydrogen in a 
cylinder, it was possible to develop an equation 
of this type for each case on theoretical grounds 
and to show that n must be related to D (the 
diffusion constant) and to /?, where / is proportional 
to the linear dimensions of the specimen, so 
that n =kD/I?. On the assumption that the 
value of n to be inserted in the empirical equation 
is also governed by this relationship, it is clear 
that the mass of the specimen and the rate of 
diffusion of hydrogen are the controlling factors 
in determining hydrogen removal from solid 
solution in a given steel. As far as mass is con- 
cerned, the experimental results given in Fig. 31 
show that the time of heat-treatment necessary 
for similarly shaped specimens of the same steel 
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does increase with the square of the linear dimen- 
sions. Experiments on similar specimens of 
different steels and at the same temperature 
indicated that the value of » was the same in 
each case and could be regarded as characteristic 
of the temperature, and this could only be so if the 
diffusion constant for a given temperature was the 
same for all the steels examined. ‘This was con- 
firmed by experiments in which the rate of dif- 
fusion of hydrogen through steel was measured 
more directly, the results showing that a single 
curve related rate of diffusion with temperature 
for all steels in the austenitic condition, while 
another curve similarly applied to the « state. 
In all cases the rate of diffusion through « is greater 
than through y at the same temperature. J urther 
evidence for the close relationship between n and 
D was obtained when n was plotted against the 
absolute temperature JZ’ within the austenitic 
range. ‘The general shape was similar to that of 
the D-T curve, and just as a linear relationship 
is known to exist between log D and 1/7, so a 
straight line was obtained when log n was plotted 
against the reciprocal of the absolute temperature. 
There is good reason, therefore, for believing that 
the relationship which was found to agree with 
the results of laboratory experiments is of more 
general application, and that it affords a satis- 
factory basis on which to assess industrial heat- 
treatments. 

Probably the least-understood feature of the 
empirical relationship is the limiting value which 
it imposes on the hydrogen content. As already 
stated, an empirical relationship may involve a 
limiting value because it is, in effect, an approxi- 
mation, but it was shown that the theoretical 
treatment would lead to an equation in conformity 
with the experimental results only if such a 
limiting value was incorporated. For a given 
steel, the lower limit of the hydrogen content 
appears to increase as the temperature is lowered 
in the austenite range, and this is contrary to 
what might be expected if there had been a partial 
pressure of hydrogen on the outside of the speci- 
men throughout the isothermal treatment. The 
only other possible explanation of the lower limit 
which can be seen at the moment is that there is 
some form of chemical linkage between the 
hydrogen and the steel, but there is little evidence 
to prove or disprove this view. Experiments 
to prove that there is a genuine lower limit to the 
hydrogen content are difficult to carry out. 
Thus, at high temperatures, the lower limit 
indicated by the equation is too small for a de- 
cisive experiment to be carried out; at tempera- 
tures such as 550° C., where the amount of 
hydrogen remaining after 5 hr. is large, prolonged 
treatment would lead to the transformation of the 
steel and this would have a complicating effect 
upon the hydrogen remoyal. 
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The treatment of the experimental results for 
the 3% chromium—molybdenum steel, HD, at 
700° C. showed that the effect of transformation 
was to accelerate hydrogen removal from the steel. 
Similarly, the hydrogen-evolution curves obtained 
on cooling specimens of 4811, N22, FY, and ingot 
iron, all indicated a pronounced evolution at the 
transformation. It may be significant that the 
maximum rate of evolution corresponds to the 
completion of transformation, as judged from the 
thermal curve, and it is conceivable that this is 
caused by concentration of hydrogen in the 
residual austenite. Indeed, as reported earlier 
in the paper, when the evolution specimen of 
411 was reheated it was found that the steel 
evolved hydrogen while in the « state, but that 
as soon as austenite was formed absorption of 
gas took place. 

Although it may be stated that, in general, the 
transformation accelerates the removal of hydrogen, 
whether it occurs at high or low temperature, the 
controlling difference in the two cases will be the 
diffusion constant. If the total time of heat- 
treatment is large compared with that necessary 
for transformation, the diffusion constant, D,, 
for the « state is the controlling factor, and there- 
fore the temperature of treatment should be as 
high as possible in order that D, shall be as large 
as possible. It is not possible to generalize 
for shorter times of treatment, because the modes 
of transformation at the respective temperatures 
become important in determining the average 
diffusion constant prevailing throughout the time 
of heat-treatment. Thus, although the trans- 
formation of F'A at 625° C. resembles that of HD 
at 700° C., the difference in the average diffusion 
constant during the 5-hr. isothermal treatment 
is such that for FA the maximum hydrogen 
removal is obtained at intermediate temperatures, 
whilst for HD the pearlitic range is most effective. 
For temperatures at which the transformation 
proceeds to completion in reasonable time, and 
for the larger masses encountered in industry which 
require such long times of treatment, the steel 
may be regarded as being in the « state throughout, 
and the average diffusion constant may be taken 
as D, without introducing appreciable errors. 
The experimental curves, on the other hand, 
were obtained under conditions which did not 
justify this approximation and the average 
diffusion constant would be less than D, in all 
cases. Hence the times of heat-treatment neces- 
sary for a given removal of hydrogen from large 
masses predicted from the experimental results 
will tend to be slightly too long. 

Although but little laboratory work has been 
carried out on the effect of cooling to 300° C. 
followed by reheating to 650° C., this method 
is based on sound theoretical principles; the 
fact that the residual hydrogen content observed 
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in these experiments was the lowest ever recorded 
after 5 hours’ treatment gives strong practical 
support to this kind of preventive heat-treatment. 

The removal of hydrogen from steel is important 
from an industrial point of view, not only to 
prevent hair-line crack formation but also to 
ensure satisfactory mechanical properties. The 
tensile properties of a number of steels after 
hydrogen treatment have been studied, and it 
has been shown that hydrogen to the extent of 
1-2 c.c./100 g. has a very injurious effect. As 
might be expected from the results reported 
by other workers for plain carbon steels, it was 
found that the elongation and reduction in area 
were the most affected and that the effect was 
most marked in the case of nickel-chromium— 
molybdenum and chromium—molybdenum steels. 
Hydrogen appears to reduce the limit of pro- 
portionality in most cases, although the 0-1% 
proof stress and the maximum stress are relatively 
unaffected. Normal mechanical properties may 
be restored by ageing the tensile test-piece at 
room temperature for a sufficient length of time, 
or, more rapidly, by tempering at an elevated 
temperature. Such easy removal of hydrogen 
will not be possible for larger masses, and although, 
for example, 5 hr. at 105° C. was found to be 
sufficient to restore the mechanical properties 
of N33, the time necessary for larger masses will 
increase with the square of the linear dimensions. 
It will be recalled that the hydrogen contents of 
the tensile specimens which showed embrittle- 
ment were considerably lower than those generally 
associated with hair-line crack formation, and that 
the greatest difficulty is encountered in removing 
the last 1 or 2 ¢.c./100 g. of hydrogen from the 
steel. 

The work on hydrogen removal has revealed 
much additional evidence concerning crack forma- 
tion; generally speaking, the severity of crack- 
ing is in agreement with the hydrogen content 
of the specimen, and most of the results fit in with 
the views expressed in a previous paper. The 
theory then put forward involved the retention 
of a hydrogen-rich constituent, probably austenite, 
where cooling through the transformation was 
rapid, and on this basis it could reasonably be 
expected that hydrogen would exert some in- 
fluence upon the transformation. Work carried 
out on isothermal transformation of the nickel— 
chromium—molybdenum steel, 4811, showed that 
hydrogen retarded transformation above 450° C., 
with a maximum effect at 550° C. Below 450° C. 
a slight effect only was detected, and this ap- 
peared to be in the nature of an acceleration. 
In keeping with this, the only steel examined which 
showed an effect due to hydrogen in the standard 
Jominy end-quench test was N22, which would 
transform at 570° C. on air-cooling. Other 
steels transforming on air-cooling at about 
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400-450° C. showed no difference-in hardness 
between hydrogen- and nitrogen-treated speci- 
mens. Dilatation specimens treated in hydrogen 
showed some 20-30% less expansion than the 
nitrogen-treated control specimens at the y —> « 
transformation, but, although this effect could be 
explained in terms of the retention of austenite 
by hydrogen, it could be due to the expansion 
of the y lattice by hydrogen being greater than 
that of the « lattice. : 

Much of the criticism advanced against an earlier 
paper! was to the effect that the radial cracks 
observed in quenched specimens were of different 
origin from the deep-seated random cracks en- 
countered in industry, but the isothermal work 
on the nickel-chromium—molybdenum steel, 4811, 
showed that it was possible to obtain deep-seated 
random cracks in small specimens. Specimens 
completely untransformed in the isothermal 
bath before quenching in water showed radial 
cracks, those which were completely transformed 
before quenching contained deep-seated random 
cracks, while those in which partial transformation 
had occurred gave a mixture of radial and random 
cracks. This was also true of the other steels for 
which the isothermal removal of hydrogen was 
investigated, except that in the case of CM no 
random cracks were obtained. As shown in 
Fig. 44, none of the 4811 specimens transformed 
at 600° or 550° C., whereas most of those held at 
350° and 250° C. were completely transformed 
before quenching in brine. For all these tempera- 
tures cracks were observed, or not, according to 
the time of isothermal treatment, which would 
determine the hydrogen content of the specimen 
at the time of quenching. The results in the 
intermediate range show that, given a sufficiently 
high hydrogen content, cracks may be produced 
in the absence of transformation stresses. Further, 
the results at 550° and 600° C. show that trans- 
formation stresses do not cause internal cracks 
in the absence of hydrogen. It would seem, 
therefore, that the importance of existing stresses 
is mainly in determining the distribution of cracks. 

The fact that hydrogen is essential to hair-line 
crack formation is amply confirmed by the 
specimens used to determine the law of hydrogen 
removal at various temperatures, particularly 
in the austenitic range. In all cases, the number 
of cracks was in accord with the hydrogen content ; 
the higher the hydrogen. content the more 
numerous were the cracks. In general, this also 
applies to the pairs of specimens used in de- 
determining the removal of hydrogen under iso- 
thermal conditions, but certain anomalies occur, 
which have been tabulated in Table XXVIII. 
Steels 4811, FA, and V30 gave no anomalous 
results, but for each of the other steels there 
appear to be certain temperature ranges in which 
crack formation does not take place, although 
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the hydrogen content is high. Thus, no cracks 
occur in the range 150-200° C. for the steel 
S69, or in the range 350—-400° C. for CM, but the 
other three steels, NV, N33, and K6, have two 
such ranges. 

A number of wrong conclusions were drawn 
from early experiments on steel containing 
hydrogen, because it was not known that an 
incubation period was necessary for crack forma- 
tion. If specimens were sectioned within this 
period, no indication was obtained of the cracks 
which would have developed on more prolonged 
ageing. Our general experience had shown that 


then quenched in brine. The specimens were 
held at room temperature for varying periods 
up to 2 months and were then heated for the 
hydrogen determination, sectioned, and examined 
for cracks. In no case were cracks observed, 
and during the period of ageing something 
like 90% of the total hydrogen content was 
evolved at room temperature. The conclusion 
must be drawn, therefore, that cracks do not 
occur in K6 specimens of standard size which 
have been given an isothermal treatment at 400° 
C., in spite of a high hydrogen content. This 
excludes the possibility that incubation has a 
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with the standard size of specimen, ageing for a 
week at room temperature was sufficient to ensure 
crack formation before reheating for the hydrogen 
determination, but the possibility arises that 
with certain forms of isothermal treatment the 
incubation period might be considerably lengthened 
and the steel might be in such a state as to permit 
relatively slow reheating to 650° C. without 
crack formation. The temperature ranges in 
which no cracks were obtained were least critical 
in the case of the tyre steel, K6, and on several 
occasions specimens of this steel were soaked in 
hydrogen, quenched to 400° C. for 10 min. and 


}No cracks, but many pits. 
Several fine, deep-seated cracks. 
No internal cracks. 

No cracks. 


Many fine, small, and medium cracks. 
20-30 deep-seated, random cracks. 


}No cracks. 
8 radial cracks (all cracks observed in this steel were radial). 


}p%0 cracks. 


10 or more, random, deep-seated cracks. 


No cracks. 


\6 deep-seated, random cracks. 


Isothermal Treatment. 

Steel. Fore 

Temp., ° C. Time. 

4S11 

FA \xo anomalies observed over complete range. 

V30 

NV 500 10 min. 5-24 
250 LOE: 5-06 
525 5 hr. 1-67 

S69 200 10 min. 5-77 
150 10 6-11 
100 LOM, 5-92 

- 500 5 hr. 2-07 

COM 400 10 min. 6-03 
350 TOMEess 6-11 
600 eerorhr. 3-74 

N33 650 10 min. 5-24 
300 Ome. 5-67 
250 Giaess 5-55 
400 LO; 4-83 

K6 650 10 min. 3-75 
600 LOge.. 4-60 
550 Lose; 3-51 
400 LOM; 7:02 
350 10a; 6-21 
300 10)§);; 4-92 
250 LOR; 5-21 
200 LOR; 5-33 
150 103; 6-27 
750 5 hr. 2-36 
725 GY 2-83 


Description of Cracks. 


special character in specimens which have been 
treated in these apparently “immune” ranges 
of temperature. 

In Table XXVIII. there appears to be no 
correlation between the structure of the steel 
and the lack of cracks, the best example being 
K6, in which no cracks were observed in speci- 
mens possessing structures ranging from ferrite 
and pearlite to martensite. 

Further evidence that cracks do not occur in 
certain steels of high hydrogen content when the 
transformation occurs at certain temperatures, 
was obtained when specimens of different steels 
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2 in. in dia. and 4 in. long were soaked in hydrogen 


at 1100° C. and given an end-quench on a Jominy. 


apparatus. The most outstanding effect was that 
observed in the case of the ball-bearing steel, 
N31, in which no cracks were observed near the 
quenched end, where the diamond pyramid hard- 
ness was about 700, whilst the upper half of the 
specimen, with a hardness number ranging from 
500 to 600, contained numerous cracks. It will 
be recalled that in a separate experiment it was 
shown that no cracks occurred in water-quenched 
specimens of N31 containing hydrogen to the 
extent of 7-43 c.c./100 g., although numerous 
cracks were found in the corresponding air-cooled 
specimen for which the hydrogen content was only 
4-64 c.c./100 g. 

In K6 the cracks were confined to a narrow 
zone at the quenched end, but in most other 
specimens the cracks were more widely distributed 
throughout the specimen, although each steel 
showed at least one zone in which cracks were 
absent or fewer than in the surrounding regions. 
The position of this ‘ crack-free’’ zone varied 
from steel to steel and corresponded to different 
rates of cooling. The most noticeable crack-free 
zone occurred in S69, in the middle third of the 
specimen, separating two distinct zones with 
quite different crack distributions. The hardness 
of the crack-free zone ranged from 560 to 640, 
which would becompatible with the transformation 
occurring in the 150-200° C. range, which was 
found to be an “‘ immune ” range for this steel in 
the isothermal treatment. Although the different 
steels gave characteristic crack distributions, 
steels of almost the same composition, such as 
MM and N17, behaved very differently. Very 
few cracks were observed near the quenched end 
of MM, whilst the corresponding region in N17 
contained many long cracks. On the other hand, 
steels of widely differing compositions, such as 
DB and NV, behaved similarly as far as cracks 
were concerned. 

In an attempt to explain these additional 
facts in terms of the theory advanced in the 
previous paper,! it might be said, for example, 
that more austenite was retained on air-cooling 
than on water-quenching the 1% chromium, 
1% carbon steel, V31, but even on this basis it is 
difficult to explain the entire absence of cracks 
from the quenched steel. Some austenite would 
be retained on quenching, and the hydrogen 
content was certainly greater than in the air- 
cooled specimen. 

It is clear from the effect of hydrogen upon the 
mechanical properties of low-alloy steels that the 
earlier theory must be modified to take account 
of the fact that the hydrogen necessary for crack 
formation is more than sufficient to cause embrittle- 
ment. It might be thought that a combination 
of transformation and other stresses with hydrogen 
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embrittlement would satisfactorily account for 
the observed results, but this is clearly not so. 
Thus in the case of N31 the crack-free specimen 
has a higher hydrogen content and is in a more 
highly stressed condition than the air-cooled 
specimen, which contained numerous cracks. 

Since the most anomalous results were observed 
in the case of two steels of high carbon content, 
N31 and K6, on the one hand, and with N33 
of low carbon content on the other, it seems 
reasonable to try to explain the anomalies in 
terms of the possible effects of carbon. One 
possibility is that, owing to the high carbon 
content, the lattice would be in a more expanded 
state and would be able to accommodate more 
hydrogen without disrupting the steel. It is 
true that most of the hydrogen contained in V31 
is not evolved unless the specimen is heated, 
but K6 in the hardened condition gives off most 
of its hydrogen at room temperature. In this 
respect the tyre steel, K6, behaves like the 
low-carbon nickel steel, N33. Similarly, these 
results cannot readily be explained in terms of a 
possible effect of carbon upon the rate of diffusion 
of hydrogen through the steel. 

Owing to the considerable differences in com- 
position of the steels examined, it is difficult to see 
any systematic variations in behaviour with 
respect to crack formation. It is interesting, 
however, to compare the results obtained for the 
two nickel steels, S69 and N33, which have carbon 
contents of 0:44 and 0-15% respectively. S69 
shows an “immune ”’ range at 150-200° C., while 
N33 shows a much wider one between 150° and 
300° C., as well as another between 450° and 
650° C. The lower range may be regarded as 
common to both steels, and comparison of the 
hydrogen contents observed for the specimens 
held for 10 min. in the isothermal bath indicates 
that hydrogen escapes much more readily from 
N33 than from S69 in this range of temperature. 
These observations, and the rest of the results 
obtained for S69 and N33, justify the conclusion 
that in nickel steels of approximately the same 
alloy content, the behaviour with regard to crack 
formation and hydrogen retention is determined 
largely by the carbon cohtent. 

Although most of the steels examined have 
approximately the same carbon content of about 
0-3%, it is not possible to assess the influence of the 
different alloying elements, owing to the complex 
combinations involved. 

It may be helpful to consider in what way the 
earlier theory should be modified in the light of 
these new results. There is still no evidence 
of the formation of internal cracks in the absence 
of hydrogen, but in certain cases hydrogen may 
be present to the extent of 6-0 c.c./100 g. without 
giving rise to crack formation. Two effects of 
hydrogen must be taken into account: (1) Em- 
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brittlement, which apparently occurs in most 
low-alloy steels with hydrogen contents of 1-3 
c.c./100 g., and (2) the development of pressures 
within internal cavities when atomic hydrogen 
diffuses into them and is converted into molecular 
form in an attempt to build up the equilibrium 
pressure. It does not seem to be generally realized 
that, owing to the square-root pressure law which 
governs gaseous solubility in metals, if a sample 
of steel contains hydrogen to the extent of 
X c.c./100 g., when its solubility corresponding 
to one atmosphere is Y c.c./100 g., it will try to 
build up the equilibrium pressure P given by : 
P = X?*/Y? atmospheres. 

If the hydrogen is unable to escape from the steel, 
this pressure will inevitably be reached in any 
internal space or cavity capable of holding a few 
molecules of hydrogen. Thus, consider a steel 
sample containing hydrogen to the extent of 
5 c.c./100 g. at room temperature (where the 
solubility of hydrogen at one atmosphere partial 
pressure is certainly not more than 0-05 c.c./100 
g.); the equilibrium pressure which would be 
developed in internal cavities is about 70 tons/sq. 
in. Taking into account the brittle nature of the 
steel containing hydrogen, an internal pressure of 
this order would, to say the least, be extremely 
undesirable. 

The building-up of pressures within internal 
cavities will not satisfactorily explain all the 
phenomena involved in this and earlier work, 
although we believe that the pressure effect must 
play a part at the time of crack formation. 
Moreover, the crack-free zone observed near the 
surface of billets is most readily explained by the 
fact that hydrogen escapes from the surface, 
and the reduced concentration in the vicinity 
causes the equilibrium pressure to be correspond- 
ingly reduced. The sudden evolution which has 
been observed to accompany crack formation 
in certain steels cannot be explained in terms of 
hydrogen in solid solution, and the idea that a 
hydrogen-rich constituent was retained to room 
temperature was put forward in an earlier paper.? 
In the discussion of that paper it was further stated 
that this constituent was probably austenite which 
had been stabilized by the hydrogen concentrated 
within it, but this view does not give a satisfactory 
picture of all the results now available. Although 
the idea of a hydrogen-rich constituent still seems 
to be necessary, it is likely that, under certain 
circumstances at least, the constituent may be a 
transformation product, and it is possible that 
there is a close linkage between the hydrogen 
and the carbon and other elements in the steel. 
It is possible that the limiting hydrogen content 
is of real significance and that it is due to some such 
linkage as this, particularly as its value in the 
austenitic range diminished with increasing 
temperature. 
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If linkage exists between hydrogen and the 
carbon and other elements in the steel, it can no 
longer be regarded as being in solid solution, 
and under certain circumstances it may be that 
the hydrogen could be retained in the ‘“‘ bound ” 
form indefinitely without crack formation re- 
sulting. The behaviour of V31 could be explained 
on some such hypothesis, provided that quenching 
increased the stability of the linkage. 

Owing to the complex nature of the problem, 
it is not possible to give more details of the 
properties which such a hydrogen constituent 
must possess, or to specify more closely the 
conditions under which it is likely to be formed. 
On the assumption that carbon plays an im- 
portant part-in the constituent, it is likely that 
any alloying element which affects the state of the 
carbon in the steel will also effect the behaviour 
of the steel with respect to hydrogen. Similarly, 
the effect of the temperature of treatment upon 
the state of the carbon would be reflected in the 
behaviour with regard to formation of the 
hydrogen constituent. The temperature of treat- 
ment will also determine the structure of the steel, 
and it is likely that the diffusion constant at room 
temperature will vary accordingly. The value 
of the diffusion constant seems to be of con- 
siderable importance, particularly from the point 
of view of hydrogen pressure, but the evolution 
of hydrogen from steel will be determined by any 
affinity which the steel may have for hydrogen 
as well as by the diffusion constant. Thus a large 
amount of hydrogen may be evolved at room 
temperature when the diffusion constant is small 
if there is a pronounced lack of affinity, or there 
may be little evolution from a steel for which 
the diffusion constant is large, because the 
hydrogen is held in some form other than solid 
solution. It is probable that of the two effects, 
the value of the diffusion constant is less im- 
portant in governing crack formation. It is 
possible for approximately the same amount of 
hydrogen to be given off in a week at room 
temperature from two specimens of the same steel, 
and cracks may occur in one case and not in the 
other, although the temperature of isothermal 
treatment in the two cases differs by only 50° C. 
and the total hydrogen contents are comparable. 
For example, specimens of K6 isothermally 
treated at 400° C. for 10 min. give no cracks, 
although the hydrogen content is 7-02 c.c./100 g. 
and the evolutiqn curve at room temperature is a 
smooth curve with diminishing rate corresponding 
to hydrogen in solid solution. On the other hand, 
similar specimens isothermally treated at 450° C. 
for 10 min., although containing only 5-35 c.c./100 
g. contained nine radial cracks. The evolution 
curve at room temperature for this specimen 
differed from that for the specimen treated at 
400° C. in that, although the initial evolution 
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rate was approximately the same, there was a 


marked inflection after about 3 days, so that ” 


after a week the rate of evolution was more rapid 
than from the 400° C. specimen. This type of 
behaviour was observed in earlier work, and was 
attributed to the breakdown of a hydrogen- 
rich constituent. 

The present position with regard to hair-line 
crack formation may be summed up as follows : 


(i) Hydrogen is essential to hair-line crack 
formation. 

(ii) The presence of hydrogen causes (qa) 
embrittlement, and (b) pressure to be built 
up within internal cavities. 

(iii) Hair-line cracks may occur in the ab- 
sence of transformation stresses. 

(iv) A simple hydrogen-pressure or hydrogen- 
embrittlement theory will not explain all the 
known facts. 

(v) The facts which cannot be explained in 
terms of hydrogen pressure being built up 
within hydrogen-embrittled’ material are in 
keeping with the formation of a hydrogen-rich 
constituent, which is not necessarily austenitic 
in nature. The conditions of formation and 
the detailed behaviour of this constituent 
cannot be given at this stage. 


A full explanation of hair-line crack formation 
cannot be available until the effects of various 
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alloying elements upon steel under various 
conditions are thoroughly understood. It would 
seem that the most logical form of attack upon the 
hair-line crack problem would consist of a much 
wider investigation of low-alloy steels in general. 
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SYNOPSIS. 


A new technique, developed for melting slags and metal together at controlled temperatures and for 
taking satisfactory samples of slag and metal, 1s described. The technique has been applied to a study 
of the phosphorus reaction at 1585° C., using prefused slags containing all the normal constituents except 
Calk., but with a much wider range of composition than is normally encountered in industry. It is shown 
that the empirical relationships which have previously been developed for purposes of industrial slag control 
break down when applied to slags having a wide range of compositions. On the other hand, a linear relation- 
ship is found to exist between the logarithm of the phosphorus equilibrium constant (k = P,O;)/[P]?(Fe0)?® 
and the logarithm of the total lime content of the slag. On the basis of this relationship, curves are drawn 
to assist in slag control at 1585° C. 

X-ray and petrographic examinations of the slags have been carried out and three constituents have 
been identified: (i) A solid solution of 3CaO.P,0; in 2CaO.SiO,, (ii) 2CaO.Fe,0;, possibly in solid 
solution with 4CaO0.Al,0;.Fe,03, and (iii) an oxide phase consisting mainly of FeO, MgO, and MnO in 
solid solution. The free-lime contents of the various slags are calculated on the basis of 3CaO.P,0,; and 
2Ca0.Si0, and various assumptions with regard to Fe,O, and Al,O3, and the correlation between log (free 
lime) and log k are determined statistically. Of the assumptions made, that in which Al,O, was ignored 
and each molecule of Fe,O0, required 0-75 molecules of CaO was found to give the best result, subject to the 
limitations involved. 

The results of this preliminary investigation indicate that the new technique should be applicable to a 
wide range of slag—metal problems involved in the steelmaking process. 


INTRODUCTION. The small scale upon which such experiments 


THE slag—metal reactions involved in steelmaking 
have been investigated by methods which fall 
into two main groups. In the first and most 
obvious method, samples of slag and metal 
are taken from industrial furnaces; such in- 
vestigations are necessarily limited, however, 
to certain ranges of slag composition, as the 
economic factor demands that the finished steel 
shall be of usable quality. Moreover, until the 
development of the quick-immersion couple, 
there has been no really satisfactory means of 
measuring the bath temperature. 

The second group consists of investigations 
carried out under laboratory conditions, and 
the practical problems in this case are even greater. 


are usually carried out makes very high demands 
upon the refractory employed and_ renders 
temperature control difficult. German workers 
have generally employed crucibles of alumina, 
beryllia, or zirconia, heated in a Tammann 
furnace, and have claimed that it is possible to 
heat slag and metal together in such crucibles 
at a steady temperature and without appreciable 


contamination of the slag. The times for which 


the slag and metal have been maintained in contact 
at melting temperature have been small, and may 
have been insufficient for the attainment of 
equilibrium conditions. 

A summary! of the methods employed in 
America appeared in 1940. By using a rotating- 


* Received August 13, 1945. This paper is published by authority of the Ingot Committee. The views 
expressed in it are the authors’ and are not necessarily endorsed by the Committee as a body. 
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liquid-iron crucible so that the slag does not come 
into contact with the refractory, Barrett and 
others claim to have overcome the main difficulties 
of laboratory work. Slags which wet the surface 
of the metal tend to climb out of the rotating- 
liquid-metal crucible and to come into contact 
with the refractory, and the advantages of the 
method are therefore not available in such cases. 

In the same paper Jette and Chipman described 
high-frequency furnaces with stationary crucibles, 
used for the investigation of slag—metal reactions. 
In such furnaces there is a tendency for the slag 
to be much colder than the metal; in order to 
minimize this effect a graphite disc is supported 
just above the slag surface, to heat it by radiation. 

As far as this country is concerned, there ap- 
pears to have been no work carried out on slag— 
metal reactions on the laboratory scale, and the 
objects of the present investigations were to de- 
velop a suitable technique and then to apply it to 
a study of the phosphorus reaction in the basic 
steelmaking process. 


DEVELOPMENT OF EXPERIMENTAL TECHNIQUE. 


After a review had been made of the resources 
available when this work was undertaken, it 
was decided to carry out experiments with a 
molybdenum-wound furnace and refractory cru- 
cibles. Such an arrangement has the advan- 
tage that a fairly large uniform-temperature 
zone is possible and temperature measurement 
is not difficult. Beryllia and zirconia crucibles 
were not obtainable at the time, but there was 
reason to believe that a satisfactory crucible could 
be made by bonding electrically fused magnesia 
with 5% of titania and firing at a sufficiently 
high temperature. It was found, however, that, 
although such crucibles were extremely dense, 
the slag soaked into the refractory when slag 
and metal were melted together, and it was not 
possible to maintain a layer of liquid slag above 
the metal. Other available refractories were 
tried, but in all cases the results were unsatis- 
factory. It became obvious that the chief cause 
of failure in this experimental arrangement was 
that the outside of the crucible was hotter than 
the inside, so that the temperature gradient 
favoured slag penetration of the refractory. 


In view of this, it was decided to build small - 


experimental furnaces in which the temperature 
gradient through the refractory would be such 
as to minimize slag penetration. Two different 
types were built, one a gas-fired open-hearth 
furnace with high-pressure blast and no preheating, 
and the other a small electric-arc furnace. With 
the open-hearth furnace it was found that the time 
taken to reach steelmaking temperatures was so 
great that the refractory became heated through- 
out, and it was not possible to maintain a layer of 


BALAJIVA, QUARRELL, AND VAJRAGUPTA : 


slag over the molten steel because as soon as further 
additions of slag were melted they were absorbed 
by the refractory. 

The small are furnace proved satisfactory from 
the point of view of slag penetration, and, although 
temperature control was difficult, the results were 
sufficiently promising to justify further work on 
these lines. The hearth was prepared by ramming 
a fused magnesia lining into a cavity made in 
a framework of chrome-magnesite bricks. The 
roof and side walls were also made of chrome- 
magnesite bricks, as it was found that silica and 
sillimanite would not withstand the intense heat 
of the are at such short distances. Graphite 
electrodes 1} in. in dia. were introduced through 
suitable openings in the side walls and were 
mounted in holders with an adequate range of 
adjustment in a number of directions. 

The small size of the furnace and the fact that 
a continuous temperature record was required 
precluded the use of the quick-immersion couple, 
and it was decided to introduce a thermocouple 
sheath through the side of the hearth and below 
the slag—metal interface. Sheaths were made 
of finely ball-milled electrically fused magnesia 
bonded with 5% of titania. Although the 
platinum /platinum-13% rhodium couple would 
sometimes last for the duration of the heat, 
on many occasions failure occurred almost as 
soon as slag and metal were melted in the hearth. 
In certain cases it was clear that the failure was 


due to slag attack upon the magnesia sheath, ~ 


for, although the sheath was below the slag- 
metal interface, surface-tension effects caused the 
slag to creep down between the metal and the 
hearth wall and to come into contact with the 
sheath. Various shapes of hearth were used in an 
attempt to overcome this difficulty, and the shape 
shown in Fig. 1 finally solved the problem. 

Failure of the thermocouple still occurred from 
time to time, but in such a manner that it was 
clear that slag attack was not responsible. The 
solution of this trouble was found when a carbon 
monoxide flame was observed burning at the open 
end of the thermocouple sheath, which suggested 
that oxidation of the carbon in the pig iron was 
resulting in the formation of carbon monoxide, 
some of which was diffusing through the mag- 
nesia sheath to the thermocouple. At that time 
electrically fused alumina insulating sleeves were 
not available for the thermocouple, and those in 
use had been prepared from alumina cement 
containing a small proportion of silica. When 
the carbon content of the bath was reduced, no 
further trouble was experienced in temperature 
measurement. 

Temperature control was carried out by means 
of a manually operated variable choke in the 
secondary of the welding transformer used to 
supply the arc current. The accuracy of control 
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depended to a large extent upon the speed of 
response of the temperature indicator, as well as 
upon the experience and skill of the operator. 
In the first experiments a portable potentiometer 
was employed, and it was necessary for verbal 
indication to be given of any change in tempera- 
ture. This caused some time-lag, and control 
was not as good as was required. The use of a 
Carpenter-Stansfield deflection potentiometer en- 
abled the person operating the variable choke to 
observe the temperature fluctuations as and 
when they occurred, and under these conditions 
it was found possible to maintain the temperature 
at any required value to within --10° C., provided 
that the slag was not unduly viscous. At a later 
stage a Tinsley D.C. amplifier with recorder and 
large dial indicator was installed, and the results 
were equally satisfactory. 

It was found convenient to use suitably sized 
pieces of steel for the cold charge, and no difficulty 
was experienced in melting. Appreciable oxida- 
tion occurred during the melting-down stage, 
however, and since this would make accurate 
control of slag composition difficult, it was de- 
cided to maintain an atmosphere of commercial 
nitrogen in the furnace. The nitrogen was fed in 
through holes in the roof of the furnace, and the 
joints between the different layers of brick were 
made more or less gas-tight by means of asbestos 
packing. Hasy access of air through the electrode 
ports was prevented by fitting self-adjusting doors 
of asbestos. 

The addition of slag to the melt presented some 
difficulty. It was desired to use slags made up 
from pure chemicals, and the first method em- 
ployed consisted of mixing suitable chemicals 
in the required proportions by prolonged ball- 
milling and then adding the mixed powder to the 
melt. The are tended to blow the powder out 
of the furnace, and the differing densities of the 
powders caused variations in composition. More- 
over, the bulk of the powder was so great that the 
time taken in adding the required amount of slag 
was much too long. The mixed powders were 
therefore compressed into pellets of convenient 
size, but the bulk was still too large and the 
melting time was unduly prolonged. The ad- 
dition of lumps of industrial slag was found to be 
quite satisfactory, and therefore it was decided 
to prefuse the chemicals in a small auxiliary arc- 
furnace. This procedure is described in detail 
later, and was used throughout this work. 

No difficulty was experienced in obtaining 
satisfactory samples of slag and metal. A clean 
copper block was dipped into the slag and im- 
mediately quenched in clean cold water. A 
layer of chilled slag about 4 in. thick adhered to 
the copper block, and the rate of cooling was 
extremely rapid. Immediately after the slag 
sample had thus been taken, a rapidly cooled 
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pencil of the metal was obtained by means of the 
apparatus devised by Taylor and Chipman.? 
In this sampling device the molten metal is sucked 
by means of an aspirator bulb into a tapered 
cavity in a copper cylinder. The sample was 
rapidly quenched in water as soon as it had been 
taken; the sampling apparatus is described 
in more detail under a separate sub-heading. 


APPARATUS AND EXPERIMENTAL PROCEDURE. 


Furnace Assembly. 


The furnace assembly finally adopted is shown 
in Fig. 1, and consisted of three layers of chrome- 


{Nitrogen | 


Graphite 
block 


Graphite 
electrode 


Asbestos. 
Zz Chrome magnesite brick. 


Monolithic magnesia lining. 


Fia. 1.—Section of Experimental Furnace. 


magnesite bricks, cut to shape, held together in 
steel clamps. Further details of the roof and 
side-wall layers are given in plan in Fig. 2; the 


Fic. 2.—Plans for (a) Furnace Side-Walls and (b) Roof. 


construction of the hearth can best be understood 
by reference to Figs. 5 and 6. 


Electrical Circuit. 


The circuit employed is shown diagram- 
matically in Fig. 3 and a general view of the ap- 
paratus is given in Fig. 4. A Ferranti 110-V., 
16-5-kVA., oil-cooled welding transformer was 
used to supply the are current, which was limited 
by means of oil-cooled fixed and variable chokes in 
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the secondary circuit. The variable choke was 
of such a capacity that when the arc was running 
normally, with slag and metal properly melted, 
it was possible to adjust the current within the 
range 40-200 amp. ‘The core of the choke could 


Tinsley 
i tempereture 
x indicator 
Furnace | < : 9 
i 


be raised and lowered by means of a hand-wheel 
and screw, which gave smooth and continuous 
adjustment, and this facilitated temperature con- 
trol. For convenience in control, ammeters and 
voltmeters were incorporated at suitable points 
in the circuit. 


choke 


Fic. 3.—Electrical Circuit. 


Preparation of Hearth. 


The hearth cavity in the chrome-magnesite 
bricks was dish-shaped and approximately 6 in. 
in dia. at the top, with a maximum depth of 2 in. 
Finely ball-milled electrically fused magnesia was 
bonded with a dilute solution of sulphite lye and 
rammed into the space between a steel former and 
the chrome-magnesite bricks. Removal of the 
former left a hearth which was circular in hori- 
zontal cross-section and varied in diameter from 
4 in. at the top to 23 in. at the base. As explained 
above, the shape of the hearth was found to be 
fairly critical, and this shape was used after a 
number of alternatives had been found un- 
satisfactory. 


Thermocouple Sheath. 


Electrically fused magnesia was finely ball- 
milled with 5% of titania and mixed with dilute 
acetone collodion to give a plastic mass. This 
was inserted into a small extrusion press fitted 
with a bridge die which enabled tubes of suitable 
cross-section to be prepared. As each length 
(5-6 in.) of tube was cut off, one end was sealed 
by pressing with a spatula dipped in acetone. 
The sheaths prepared in this manner were heated 
in an air-oven to drive off the acetone and then 
fired at 1700° C. in a gas-fired furnace. Con- 
siderable contraction occurred during firing and 
the sheaths were almost completely impervious. 

Channels were cut in the walls of the freshly 
rammed hearth so that thermocouple sheaths 
could be inserted from opposite sides, as shown 
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in Fig. 5, and the gaps rammed once more with 
the magnesia/sulphite-lye mix. The position 
of the thermocouple sheath was well below the 
slag—metal interface, but was such that molten 
metal would completely surround the tip. The 
completed hearth was allowed to dry overnight 
before use. 


Materials Employed. 


The commercially pure chemicals used in the 
preparation of the slags were : 


(1) Precipitated chalk, which was calcined 
immediately before use. 

(2) Precipitated silica, containing about 25% 
of moisture. 

(3) Ferrous phosphate (3FeO.P,0;.8H,0). 

(4) Ferrous oxalate. 
(5) Tribasic calcium phosphate. 
(6) Manganous carbonate. 
(7) Electrically fused alumina. 


Preparation of Slags. 


The necessary chemicals were weighed out in 
the required proportions and mixed in a small 
steel ball-mill for half an hour. Part -of the 
mixture was then transferred to a fused-silica 
evaporating dish of 34 in. dia., and heated by an 
electric arc run between 4-in. dia. carbon electrodes 
carrying a current of 20-35 amp. In the initial 
stages an indirect arc was used, but as soon as a 
pool of molten slag had been formed the electrodes 
were adjusted to give a direct arc through the slag. 
When the pool of molten slag was 14-2 in. long 
and about 1 in. in width, the arc was switched 
off and the slag allowed to solidify. After cooling, 
any unmelted chemicals adhering to the slag 
were brushed off, to leave a compact lump of 
about 50-g. weight, suitable for adding to the 
molten metal. A total of 250 g. of slag was used 
for each melt. 

It will be noted that during preparation the 
slag came into contact only with its constituent 
chemicals, and there was no danger of contamina- 
tion by other materials. The composition of 
the slag could be controlled within close limits, 
provided that the chalk was calcined before use; 
otherwise the evolution of carbon dioxide caused 
the powdered chemicals to be scattered, this effect 
being pronounced with the lighter constituents 
such as silica. 

This method was also employed for synthesiz- 
ing the standards required for the X-ray and 
petrographic examinations of the final slags, but 
in these cases water-quenching was used in an 
endeavour to prevent transformation in the solid 
state. The high temperature available in the 
arc enabled all the standards to be melted, and 
the resulting homogeneity, combined with the 
rapid quenching possible under these conditions, 
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Fira. 4.—General View of Apparatus. . 


Fic. 5.—Hearth before Melting. Fic. 6.—Hearth after Melting. 


Fic. 7.—Slag and Metal Samplers. Fic. §8.—Hearth after Melting, showing slag and metal layers. 
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makes this method of preparation more simple 
and, at the same time, more satisfactory than the 
usual repeated-sintering process. 


Slag and Metal Samplers. 


The slag sampler consisted of a copper block, 
2 in. in dia. and 1 in. thick, with grooves near 
the lower edge and across a diameter of the 
lower face to prevent the slag falling off after 
solidification. A mild-steel rod of 4 in. dia. and 
18 in. long was screwed into the upper surface of 
the copper block, which was carefully degreased 
before taking a slag sample. The presence of 
grease on the copper prevented the slag from 
adhering to the sampler, but with a clean surface 
some 25 g. of slag were normally collected, having 
an average thickness of } in. 

The metal sampler employed in this work was 
similar in all important respects to that described 
by Taylor and Chipman. A 3¢4-in. length of 
l-in. dia. copper rod was drilled axially and then 
reamed with a standard No. 5 tapered pin reamer ; 
this size gave a more solid sample than could be 
obtained with the No. 6 reamer used by Taylor 
and Chipman. A male 4-in. gas thread was 
machined at the upper end of the copper rod, 
and the connection to the aspirator bulb was 
made with standard gas-fittings. It was found 
that the insertion of a plug of refractory brick into 
the tapered hole could be dispensed with, owing to 
the modified design of the connection between 
the copper mould and the steel tube. On the 
occasions when excess metal passed through the 
copper tube, it was still possible to unscrew the 
steel tubing and to saw off the projecting metal 
_ so that the sample could be ejected. In use, the 
outside of the copper rod was lightly greased with 
vaseline, the aspirator bulb was depressed, and the 
sampler pushed through the slag layer into the 
underlying metal. The bulb was then released 
and the sampler withdrawn almost immediately 
and quenched in cold water. The sample 
consisted of a fairly sound pencil, together with a 
thin mushroom-shaped layer which had chilled 
on to the lower end of the copper rod. The 
mushroom-shaped skull was cut off and only the 
pencil used for analytical purposes. 

A photograph of the slag and metal samplers, 
together with typical samples, is reproduced in 
Fig. 7, in which the essential features are easily 
observed. 


Melting Technique. 


The metal charge of 600 g., in the form of pieces 
about 1 X 1 xX } in., was packed into a hearth 
which had been allowed to dry in air but had not 
been fired. A platinum/platinum-13% rhodium 
thermocouple was inserted in one of the magnesia 
sheaths, whilst the other was held in reserve to 
be used in the event of failure of the first couple. 


119P 


After each melt at least 1 in. of couple was cut 
off and a new junction made to ensure freedom 
from contamination. The side walls of the 
furnace were then placed in position on top of 
a layer of asbestos packing, and the electrode 
holders were positioned so that all necessary 
adjustments could be made during the course of 
the melt. The roof and graphite lid of the furnace 
were placed in position with asbestos packing 
between successive layers. 

The supply of cylinder nitrogen was switched on 
and the are started between the electrodes at an 
angle of about 20°. During the melting-down 
period the arc was indirect and the current was 
gradually raised from 100 to 150 amp. in about 
20-30 min. At the end of this time the metal 
was beginning to melt and slag was added in 
lumps of approximately 50 g. at a time. At the 
same time the angle made by the electrodes with 
the horizontal was increased in stages to 30-40°, 
in order to obtain a direct arc with a distance of 
about 1 in. between the tips of the electrodes. 
The arc current was maintained at 150 amp. 
during this period and until the required tempera- 
ture was reached, when control with the variable 
choke was commenced. It was found that when 
the bath was completely molten the electrodes 
had to be separated to 14 in. to prevent arcing 
between them. The direct arc, using well- 
separated electrodes, gave more uniform heating, 
but care had to be taken that the electrodes were 
not too near the hearth refractory, nor touching 
the slag. 

In the first few melts the temperature was 
kept constant for 20 min., but with increasing 
experience it became desirable and possible to hold 
the temperature within close limits for a longer 
period, and 40 min. was taken as standard. The 
accuracy of temperature control depended to a 
large extent upon the nature of the slag. With 
a fairly viscous slag a record was obtained showing 
fluctuations of -+-25° C.; very few records were 
as bad as this, the majority showing a variation 
of less than +10° C. Under the most favourable 
conditions, the temperature could be maintained 
constant to within --5° C. 

On many occasions the reliability of tempera- 
ture measurement was checked by placing a new 
thermocouple in the reserve sheath and trans- 
ferring the amplifier to this circuit. In all cases, 
except where contamination of the first thermo- 
couple was obvious, there was no resulting dis- 
continuity on the temperature record. 

When the bath had been held at a constant 
temperature for the required length of time, the 
arc was switched off, the electrodes and thermo- 
couple were rapidly withdrawn and the slag sampler 
was pressed down into the slag through the hole 
exposed by removing the graphite furnace lid. As 


-goon as the slag sample had been obtained and 
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quenched in water, the metal was sampled twice 
in quick succession, using two samplers. The 
time elapsing between the end of the melt and 
the completion of the sampling operation was a 
matter of seconds, and the total time taken by a 
complete experiment varied from 1 to 14 hr. 

After the slag and metal samples had been taken, 
the furnace and its contents were allowed to cool, 
with the graphite plug removed. It was found 
that the slag in the furnace solidified almost 
immediately after sampling, and that black heat 
was reached in 20-30 min. The appearance of 
a hearth after melting is illustrated in Fig. 6, 
whilst Fig. 8 shows the appearance of the charge 
after removal from the brickwork.- The slag 
and metal layers are clearly visible, and it will be 
seen that the thermocouple sheath is suitably 
placed with respect to the metal charge. Slag 
attack of the magnesia hearth is small, and this is 
confirmed by the analyses of the final slags (see 
Table I.). 


Analytical Procedure. 


The two metal pencils were carefully machined 
to give a total of 10-15 g. of fine turnings. 
Standard methods of analysis were used through- 
out, the gravimetric lead molybdate method being 
employed for the determination of phosphorus. 

After the slag sample had been dried by heating 
in an oven at 110° C., it was crushed with a per- 
cussion mortar to pass a 30-mesh sieve. Any 
particles of iron present were removed with a 
magnet, and a suitable portion of slag weighing 
about 5 g. was obtained from the crushed product 
by taking samples at nine points. This was 
further crushed to pass a 90-mesh sieve, and 
finally ground in an agate mortar for analysis. 

All slags obtained in the experimental work 
were analysed for CaO, SiO,, P,O;, FeO, Fe,Os, 
Al,O,, MnO, and MgO. It was found that the 
slags contained only traces of metallic iron, 
insufficient, in fact, to have any significant effect 
upon the determination of ferrous and ferric iron, 
and the regular determination of metallic iron 
was therefore discontinued. The presence of so 
little metallic iron in the slags showed that the 
reaction 3FeO —~> Fe,O, ++ Fe had been almost 
completely suppressed during the sampling 
operation and indicated the efficiency of the 
precautions taken to retain in the sample the slag 
conditions at high temperatures. 

Determination of Ferrous and Ferric Iron.— 
The total iron content of the slag was determined 
by the usual method of reduction with stannous 
chloride and titration with standard potassium 
dichromate solution, using 0-2% of barium di- 
phenylamine sulphonate as an internal indicator. 

Ferrous iron was determined by weighing a 
fresh 0-5-g. sample of slag, together with about 
1-0 g. of sodium carbonate, into a 500-ml. conical 
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flask fitted with a Bunsen valve. Some 15 ml. 
of distilled water and 20 ml. of concentrated 
hydrochloric acid were then added and solution 
was effected by gentle boiling for about 10 min., 
the evolution of carbon dioxide maintaining a 
neutral atmosphere and preventing the oxidation 
of the ferrous iron. When solution was complete 
the Bunsen valve was removed and the contents 
of the flask quickly cooled in running water. 
About 15 ml. of sulphuric /phosphoric-acid mixture 
were then added, and after standing for 1 min. 
the solution was titrated with standard potassium 
dichromate solution, using the diphenylamine 
indicator as before. 

Ferric iron was taken as the difference between 
the total and ferrous iron results. 

Determination of P,0;—A separate sample 
was used in this case, and the phosphorus was 
estimated gravimetrically as Mg,P,0,. This 
method was found to be more satisfactory than 
the lead molybdate method, owing to the presence 
of large amounts of P,O, in all the slags examined. 

Determination of MnO.—The determination of 
MnO was carried out on a separate sample, using 
the standard bismuthate method. 

Determination of SiO,, Al,O3, CaO, and MgO.— 
These constituents were determined on the same 
sample by the method of group separation. 
The silica estimation calls for little comment 
except’ that it was found that accurate results 
could be obtained only if the silica was filtered off 
between the first and second evaporations and 
bakings of the filtrate. : 

Considerable difficulty was experienced in the 
separation of iron, alumina, and P,O,, especially 
with slags containing large percentages of P,O,, 
because under these conditions lime is likely to 
precipitate as phosphate unless special precautions 
are taken. This difficulty was overcome by adding 
a suitable proportion of FeCl, to those slags which 
were low in iron and by using the double basic- 
acetate method of separation. The precipitate 
was used for the determination of alumina and the 
filtrates for lime and magnesia. 

To prevent its interference with the precipitation 
of aluminium phosphate, iron was previously 
removed by caustic soda separation. Other. 
more accurate methods are available for the 
determination of alumina in slags, but this 
method was adopted because of its simplicity, 
and the accuracy of the results so far obtained 
seems to be adequate for the purpose. 

Lime was determined gravimetrically by pre- 
cipitation as calcium oxalate followed by ignition 
to CaO, whilst magnesia was estimated as mag- 
nesium pyrophosphate in the usual manner. 

Reliability of the Analytical Results—The de- 
terminations of phosphorus in the metal and of 
P,O;, CaO, and SiO, in the slag were carried out 
independently by two workers, and the results 
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were not utilized unless the agreement was good. 
The sums of the constituents determined fell 
_ between 98 and 102% in all analyses, whilst most of 
them were within the limits 99-5-100-5%, and this, 
taken with the fact that the results responded 
satisfactorily to theoretical treatment, may be 
taken as an indication that the analytical methods 
and technique employed were sound. 


APPLICATION OF THE TECHNIQUE TO THE PHOs- 
PHORUS REACTION IN THE BASIC STEEL- 
MAKING PROCESS. 


The phosphorus reaction in the basic steel- 
making process is so complex, and the difficulties 
associated with the investigation of reactions 
at steelmaking temperatures so great, that our 
understanding of this reaction is still far from 
complete, in spite of the amount of work already 
carried out on the problem. When a satisfactory 
new technique for melting slag and metal to- 
gether under strict conditions of slag and tempera- 
ture control had been devised, a new attack upon 
the problem became possible, and an account will 
now be given of the work carried out with a view 
to elucidating the nature of the phosphorus re- 
action. 


Review of Previous Work on the Phosphorus 
Reaction. 


Investigations of the pure system consisting of 
phosphorus-iron and a slag of iron phosphate 
and iron oxide have been conducted by various 
workers, including Herty* Samson-Himmelst- 
jerna,4 Krings and Schackmann,® and Maurer 
and Bischoff,® but these authorities do not agree 
in their conclusions as to the formulation of the 
equilibrium constant. It would seem that de- 
phosphorization is primarily a straightforward 
oxidation of the phosphorus in the iron by ferrous 
oxide according to the equation : 

2P + 5FeO = P.O, + 5Fe, . . (1) 
but matters are complicated by the fact that 
phosphorus pentoxide is not stable but vaporizes 
at high temperatures. Free phosphorus pentoxide 
cannot therefore exist in the slag, but must be 
combined in some way, most probably as iron 
phosphate in the pure system. In addition, 
relatively little is known about the state of 
phosphorus in molten iron, and it is not surprising 
that different workers have developed different 
formule for the evaluation of the phosphorus 
equilibrium constant. Thus, Krings and Schack- 
mann have developed their formula from equation 
(1), but with substitution of [P] for [P]?, to give: 

Pes (B,0;)[Fe]® 

[P](FeO)5 
They explain their action on the grounds of the 
absence of any real knowledge of the state of 
phosphorus in molten iron, and point out that 
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raising the power of [P] would magnify any 
analytical errors. Maurer and Bischoff, on the ~ 
other hand, could not put forward any definite 
equilibrium constant from their experimental 
results, but were able to give a practical descrip- 
tion of the equilibrium conditions by introducing 
the distribution factor (P,O;)/[P]. 

With the exception of Maurer and Bischoff, 
the workers mentioned above agree that the 
P-Fe-FeO-P,0; system exhibits non-ideal be- 
haviour at low concentrations of P,O;. As a 
result of their work on the FeOQ—CaO-P,O; system, 
Oelsen and Maetz’ came to the conclusion that 
there was a lens-shaped region of immiscibility 
extending from the ferrous oxide corner, across 
the FeOQ-CaO-P,O; ternary diagram to the point 
corresponding to calcium orthophosphate. On 
the basis of this conclusion they suggest that the 
non-ideal behaviour of the pure system containing 
less than 25% of P.O, could be explained in terms 
of a tendency for the ferrous oxide and iron 
phosphate to separate into two immiscible layers. 
Their work also led them to the conclusion that 
silica exerted a considerable influence in closing 
the immiscibility gap, and that in the presence 
of sufficient silica the slag would probably be 
entirely miscible. In his work on phosphate 
slags, Trémel ® has confirmed that this is actually 
the case and so has given support to the general 
statement made by Lorenz ® that non-ideal solu- 
tions may be made ideal by the addition of other 
constituents. There is some reason for believing, 
therefore, that in complex slags the ideal law of 
mass action will be more closely followed. 

Most of the work using complex slags has been 
carried out in the steelworks; so far it has 
not been found possible to establish the phos- 
phorus reaction on a definite quantitative basis, 
and the methods adopted in controlling the de- 
phosphorization of the steel-bath are based on 
works’ experience. Such methods may be very 
useful in practice, but they are lacking in scientific 
precision and incapable of general application. 
Many workers have attempted to find the general 
principles underlying the dephosphorization pro- 
cess and to give a quantitative treatment. Thus, 
Whiteley,?® using his works’ data, obtained a 
linear relationship between the distribution factor 
(P,O;)/[P] and his arbitrary “ basicity index,” 
i.e., the best straight line passing through the point 
corresponding to no dephosphorization at basicity 
index 2. Similarly, McCance !! obtained a linear 
relationship when he plotted 


(P05) 1 
[P] °(P,0,5) + (FeO) 


against total lime, and by extrapolation showed 
that no dephosphorization should occur if the slag 
contained less than 32% of total lime. 

An entirely different method of approach has 
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been used by Schenck and Riess,!2 who assumed 
that every slag constituent is present both in 
the free state and in combination. By making 
further assumptions, not entirely based on ex- 
perimental evidence, they were able to calculate 
the so-called ‘‘ free concentration ”’ of each con- 
stituent. Even using these free concentrations 
they were unable to formulate the phosphorus 
equilibrium constant quantitatively, but found 
it necessary to substitute [P] for [P]? and to 
introduce an empirical correction factor the value 
of which depended upon the P,O; concentration 
in the slag. On the assumption of calcium 
triphosphate formation, they gave the equation : 
[P](Fe0)5(Ca0)? , 

=P.0;) + 0-045(EP,05) . (2) 
and on the basis of tetraphosphate : 
(FeO)5(CaO)* | o. 
=P.0,) | 0-060(ZP,0;) . (3) 
In view of the many assumptions made in the 
derivation of these equations and the empirical 
nature of the final result, it is doubtful whether 
much importance should be attached to them, 
although Zea }° claims that better agreement is 
obtained between calculated and actual values 
of phosphorus contents if the equations of Schenck 
and Riess are used rather than, for example, those 
of Whiteley. 

In spite of the absence of quantitative agree- 
ment between the different workers, it is possible 
to give a qualitative outline of the dephosphoriza- 
tion process, which would be generally acceptable, 
as follows : 


(a) Ferrous oxide is necessary for the oxida- 
tion of phosphorus in the metal phase. 

(6) Lime is necessary for dephosphorization. 

(c) As the oxidation of phosphorus is an 
exothermic reaction, dephosphorization de- 
creases with increasing temperature. 

(d) The proportion of phosphorus in the metal 
after dephosphorization is dependent on the 
P,0, content of the slag, the smaller this value 
the better being the dephosphorization. 


Whilst it is agreed that slag composition plays a 
decisive réle in dephosphorization, the effect of 
constituents other than those mentioned above is 
still not fully understood. The possibilities are 
that the constituent (a) is an active participant 
in the phosphorus reaction, and (b) affects de- 
phosphorization indirectly by mere dilution or by 
combining with one of the active constituents or 
with a constituent, such as silica, which usually 
takes up some of the directly active constituents. 


Log K, = log 


Log K, = log [PI 


Range of Slag and Metal Compositions Employed 
in the Present Work. 
It was considered desirable that the results of 
this work should be, as far as possible, directly 
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applicable to the steelmaking process and at the 
same time should cover a wider range of slag 
compositions than is normally employed in 
practice. Thus the fluxes MnO, P,O,, and Al,O, 
were added to all slags both because they are 
always present in industrial slags and because they 
lower the melting point and viscosity, thus enabling 
the investigation to be carried out over a wider 
range of analyses and at lower temperatures than 
would otherwise be possible. The fluxes were 
held within fairly close limits, except where the 
effect of a given constituent was being examined, 
and the range of slag compositions employed was 
as follows : 


CaO 30-57%. 

810, 10-25%. 

FeO 4-32%. 

Fe,0, 1-0-7:5% (usually 4-5%).. ; 

MnO 1-1-5%, with special series containing 5— 
6% and 11%, respectively. 

P.O; 8-12%, with special series containing 5-6%. 

Al,O; 2-5%, with special series containing 8%. 

MgO 3-0-12:3%. 


A total weight of 250 g. of slag was used for 
each melt, and it was found convenient to keep 
the lime/silica ratio constant for a given series 
of melts, and to vary the FeO content of the slag. 
As the percentage of FeO was increased, the 
lime and the silica contents were both diminished, 
so that a wide range of compositions was covered. 
Magnesia was not deliberately added to the slag, 
but was dissolved from the hearth. The more 
basic the slag and the higher the MnO content, 
the less was the MgO pick-up. Similarly, Fe,O, 
was not added but was formed during melting 
as a result of the oxidation of part of the FeO. 
As a general rule it was found that the Fe,O0,/FeO 
ratio increased with the basicity of the slag, 
which is in agreement with other work. 

In view of the difficulties which had been en- 
countered. when high-carbon charges were em- 
ployed and also to simplify the problem, the metal 
used throughout this work was relatively pure, 
except for phosphorus content. A master 2% 
phosphorus alloy was prepared by dissolving iron 
phosphide in molten ingot iron in a high-frequency 
furnace and casting into l-in. dia. ingots. Dilu- 
tion of 125 g. of this phosphorus iron with 475 g. of 
ingot iron gave a charge with an initial phosphorus 
content of approximately 0-4%. After a number 
of melts had been carried out, recrystallized- 
alumina thermocouple insulators became available, 
and it was found possible to carry out successful 
melts with carbon contents of the order of 0-6%. 
Although all the experiments with which this 
paper is concerned were carried out with low 
carbon in the steel, there now appears to be no 
reason why the work should not be extended to 
high-carbon material. 
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TasLe I.—Slag and Metal Analyses Obtained in the Study of Dephosphorization at 1585 + 10° C. 


) SH as Slag Analysis, wt.-%. = ales oe Slag Analysis, mol.-%. 
A © O| 8 Sse Bar| Sa88] ase 
2 goa ln $° 26% On| ABS 
¢ |HBS 28s SS elec glass 
s ae = 2 P.0,.| CaO. | Si0,. | FeO. | Fe,0,.| Al,0,.| MnO. | MgO, |S F & &| ae P,O;,. | CaO. | SiO,. | FeO. | Fe,O,.| Al,O,.] MnO. | MgO. 
34-4 | 12-3 | 24:5 6-0 3-4 1-4 8-7 2-8 88 | 0-167 | 3-84 | 40-3 3°5 | 22-4 2-5 2-2 1-3 14-2 
43-0 | 15-5 | 13-2 5-2 3-7 1-4 8-2 2-8 269 | 0-069 | 4:35 | 48-9 | 16-5 | 11-7 2-1 2°3 1-2 13-0 
34:6 | 12-0 | 25-2 7-4 3-2 1-2 8-6 2-9 114 | 0-111 | 3-30 | 40-4 | 13-1 | 23-0 3-0 21 1-2 14-0 
38-0 | 13-4 | 17-8 4-4 3-6 1-4 13-0 2-9 155 | 0-083 | 3:15 | 41-9 | 13-8 | 15-4 1-7 2-2 1:2 19:9 
47-6 | 17:8 9-6 3-0 3-4 1:5 6-9 2:7 94 | 0-187 | 4:34 | 53-4 | 18-6 8-4 1-2 2-1 1:3 10-7 
50-0 | 17-7 8-0 2-1 3-4 0-9 6-8 2:8 79 | 0-232 | 4:67 | 55-8 | 18-5 6-9 0-8 2-1 0-8 10-5 
50-0 | 17-4 6-8 2-1 3-7 1-4 6-7 2-9 72 | 0-250] 4:59 | 56-2 | 18-4 6-0 0-9 2-3 1:2 10-5 
45-6 | 15-0 | 13-8 4:2 3:7 1:3 6-0 3-0 |v 266 | 0-064 | 4:34 | 52-4 | 16-1 | 12-4 key) 2-3 1-2 9-7 
33-7 | 10-6 | 28-4 5-0 4-1 1-4 8-0 3-2 95 | 0-161 | 3-92 | 39-7 | 11-6 | 26-0 2-1 2-6 1-3 13-0 
30-4 9-8 | 31:6 61 5:3 1:2 Ort Bul 76 | 0-146 | 2:82 | 35-4 | 10-6 | 28-6 2-5 3-4 det 15-7 
46-6 | 14-9 | 11-6 4-3 4-7 1-2 7-3 3-1 101 | 0-164 | 4-09 |} 52-7 | 15-7 | 10-2 LF 2-9 1-1 11-5 
49-5 | 16-2 | 10-2 0-9 3-4 1-1 7-8 3-1 152 | 0-121 | 443 | 54-8 | 16-8 8-8 0-3 2-1 0-9 12-0 
48-5 | 18-5 76 2-6 3-6 1-2 8-2 2-6 68 | 0-238 | 3:92 | 53-7 | 19-1 6-6 1:0 2:2 1-0 12-6 
46-5 | 17:3 9-9 2-7 5-5 1-2 8-0 2-7 173 | 0-101 | 4:22 | 51-6 | 17-9 8-6 1-4 3-4 1-0 12-4 
50-3 | 17-8 73 ny 4-0 1:3 7:8 2:8 82 | 0-229 | 4:52 | 56-2 | 18-2 6-3 0-7 2-4 weil 11:8 
34-8 | 14:7 | 22-7 4-2 3-0 1:6 9-8 2-4 120 | 0-154 | 4-27 | 39-6 | 15-6 | 20-2 1-7 1-9 1:5 15-5 
35-2 | 14:8 | 21-5 3°9 4-6 1-6 10-4 2-4 128 | 0-121 | 3-92 | 39-7 | 15-4 | 19-0 1-6 2:8 1-4 16-3 
39-2 | 16-8 | 16-5 4-3 5-2 16 9-4 2:5 122 | 0-126 | 4:01 | 44-0 | 16-6 | 14-5 1-7 3-2 1-4 14-7 
44-6 | 18-6 | 11-1 1-9 3:0 1-4 9-2 2-5 111 | 0-156 | 4:18 | 49-4 | 19-0 9-6 0-7 1:8 1-2 14-2 
46-6 | 20-1 6-8 2-5 3-8 1-3 10-1 2-3 67 | 0-254 | 4-01 | 50-4 | 20-3 5-7 0-9 2-3 1-1 16-2 
47-0 | 20-4 TT 1:8 4-0 1:3 8-8 2-3 65 | 0-250} 3-90 | 51:3 | 20-8 6-5 0-7 2-4 1-1 13-3 
43-6 | 17-5 | 12-6 3-1 4-1 1:3 8-8 2-5 120 | 0-132 | 3-84 | 48-6 | 18-3 | 11-0 1:2 2-5 1-2 13-6 
47-8 | 19-7 8-8 1:3 4-0 1-4 78 2-4 88 | 0-189 | 4-01 | 52-4 | 20-2 7-5 0-5 2-4 1-2 11-9 
49-8 | 20-5 5-9 1-4 4:2 1-1 8-6 2-4 42 | 0-377 | 3-76 | 53-8 | 20-7 5-0 0-5 2-5 0-9 12-9 
33-6 | 14-0 | 21-2 2-8 4:3 1-6 14-9 2-4 90 | 0-177 | 3-78 | 36-6 | 14-2 | 18-0 1:0 2-6 1-4 22-6 
32-4 | 13-4. | 23-5 4-2 4:3 i-7 12-3 2-4 123 | 0-133 | 4:03 | 56-4 | 14-0 | 20-7 1:6 2-6 15 19-2 
40-4 | 11-5 | 21-2 6-2 4-2 1-6 73 3-5 252 | 0-072 | 4:68 | 46-6 | 11-9 | 19-0 2-1 2-6 1:5 11:7 
37-6 | 11:5 | 21-6 4-1 4-6 1-6 11-6 3-3 226 | 0-070 | 3-87 | 42-0 | 11-6 | 18-8 1-6 2-8 1-4 18-0 
46:0 | 13-6 | 15-9 5-1 3-4 1-4 6:5 3-4 276 | 0-067 | 4:53 | 51-7 | 14-3 | 14-0 2-0 2-1 1:3 10-1 
40-9 | 11-4 | 22-1 5-7 4-4 1-6 8-2 3-6 264 | 0-067 | 4:31 | 45-7 | 11-9 | 19-3 2-2 2:7 1-4 12-8 
46-7 | 12-6 | 16-6 5-8 8-2 1:5 6-3 3-7 324 | 0-050 | 4:05 | 52-8 | 13-3 | 14-6 2°3 2-0 1:3 9-9 
51-6 | 13-9 | 13-6 4-7 2-8 1-5 5-8 3°7 326 | 0-054 | 4-22 | 56-4 | 14-2 | 11-6 1:8 1-7 1:3 8-8 
58-1 | 15:5 6-6 2:2 2-8 1-3 7-1 3-7 92 | 0-210 | 4°41 | 61:0 | 15-2 5-4 0-8 1:6 Rell 10-4 
56-1 | 15-8 7-9 2:3 3-0 1-2 5-8 3-5 92 | 0-198 | 4:36 | 60-6 | 16-0 6-7 0-9 1:8 1-0 8-7 
48-9 | 14-4 9-0 3:3 4-1 1:6 6-7 3-4 155 | 0-155 | 5-93 | 55-3 | 15-2 7-9 1:3 2-5 1-4 10-5 
54-9 | 17-5 4-5 1-6 3-7 1-1 71 3-2 68 | 0-341 | 4:70 | 59-5 | 17-7 3:8 0-6 2:2 0-9 10-7 
51-4 | 15-7 9-2 3-6 4:0 1-4 5-7 3-3 210 | 0-088 | 4:53 | 57-4 | 16-4 8-0 1-4 2-5 1:3 8-8 
34:3 9-6 | 27-6 6-6 3-2 1-5 (OU 3-6 210 | 0-094} 5-05 | 40-3 | 10-5 | 25-3 2:7 2-1 1-4 12-6 
41-3 | 10-7 | 19-1 5-5 3-4 1-6 6-5 3-9 288 | 0-067 | 4:97 | 49-0 | 11-8 | 17-6 2-3 2-2 1-5 10-7 
44-0 | 11-6 | 17-6 6-4 3:7 1-5 6-3 38 352 | 0-062 | 4:65 | 50-7 | 12-5 | 15-8 2°6 2-4 1:3 10-1 
37-2 8-8 | 23-6 6-9 3:9 1-6 7-0 4:2 218 | 0-101} 5-72 | 44-2 9-8 | 21-9 2°9 2-5 1:5 11-6 
45-5 | 11-6 | 15-8 6-4 1:8 1-3 5-4 3-9 465 | 0-049 | 5:82 | 53-3 | 12:7 | 14-4 2-6 1-2 1-2 8-8 
49-8 | 12-2 | 11-6 AT 3:3 1-3 6-1 41 863 | 0-063 | 5-68 | 56-5 | 12-9 | 10-3 1:9 2-1 1:2 9-6 
50-6 | 12-4 9-5 39 3-6 1:3 at 41 293 | 0-073 | 5-17 | 56-7 | 13-0 8:3 1:5 2-2 1-2 12-0 
41-4 | 10-0 | 19-3 6-6 17 1-6 6-9 4-1 241 | 0-092 | 5-73 | 48-9 | 11-0 | 17-8 2-7 1-1 1:5 11-3 
35-7 | 10-8 | 28-1 <-6 2-6 5-6 4:3 3-3 256 | 0-040] 2-63 | 42-3 | 11-9 | 25-9 3-2 17 5-2 7-1 
42-0 | 12:7 | 22-2 8-3 2-6 5-2 2:3 3-3 300 | 0-032 | 2-51 | 49-4 | 14-0 | 20-4 3B-4 1-7 4:8 3:8 
46-2 | 13-8 | 14-7 6-7 3-1 6-1 4-3 3:3 3800 | 0-036 | 2-70 | 62-7 | 14-7 | 13-1 2-7 1:9 5-5 6:8 
43-6 | 12-6 | 17-4 71 2-9 5-8 5-4. | 3-5 338 | 0-029 | 2-45 | 50-0 | 13-5 | 15-6 2:8 1:8 5-3 8-6 
43:5 | 13-5 | 18-2 yo 2-7 5-6 3-8 3-2 820 | 0-034 | 2:79 | 60-4 | 14-6 | 16-5 2-9 1:8 5-1 6-1 
42-3 | 12-3 | 18-5 (ih 2-6 5-8 4-6 3-4 292 | 0-032 | 2-42 | 49-6 | 13-5 | 16-9 3-2 1-7 5-4 75 
42-1 | 12-3 | 20-1 rere 2-4 5-3 4-5 3-4 320 | 0-029 | 2°37 | 49-1 | 13-4 | 18:3 3-1 1:6 4-9 7:3 
46-9 | 13-0 | 14-6 6-8 3-0 6-0 4-1 38-6 290 | 0-032 | 2-37 | 53-8 | 14-0 | 13-1 2:8 1:9 5-5 6-6 
40°6 | 11-7 | 21:6 9-2 22 5&1 47 3:5 329 | 0-025 | 2:13 | 47-7 | 12-8 | 19-8 3-8 14 4:7 V7 
42-4 | 11-0 | 18-4 6-3 8-0 1-5 6-0 3:9 253 | 0-065 | 4:14 | 48-8 | 11-8 | 16-5 2-6 5-1 1-4 9-6 
43-8 | 11:0 | 17:3 5-5 7-2 1-3 6-2 4-0 290 | 0-056 | 4:10 | 50-6 | 11-9 | 15-6 2-2 4-6 1:2 9-9 
48-6 | 12-3 | 12-3 4-7 7-2 1:3 3-4 4-0 239 | 0-079 | 4:87 | 57-1 | 13-5 | 11:3 1-9 4-6 1:2 5-6 
48-4 | 19-5 | 13-31 60 | 69 | 1-2 | 2-6 | 3-9 | 253 |0-072| 4-69 | 57-0 | 13-7 | 12-2 | 2-5 | 45 | 11 | 4:3 
46:0 | 11-8 | 15-3 5-4 7-2 1-4 5-1 3-9 276 | 0-063 | 4:39 | 53-0 | 12-7 | 13-7 2-2 | 4:6 1:3 8:2 
42-3 | 11-5 | 18-4 5-4 6:8 1:5 5-6 3-7 226 | 0-074 | 4:26 | 49-4 | 12-6 | 16-7 2-2 4-4 1-4 9-1 
44-5 | 11-8 | 15-1 5-1 75 1-8 6-1 3:8 233 | 0-072 | 4:23 | 51-3 | 12-7 | 13-6 21 4-8 1-6 9-8 
47-8 | 13-2 | 11-8 4:5 7-3 1:8 3-3 3-6 222 | 0-085 | 4:86 | 56-3 | 14:5 | 10-8 1-9 4-7 1:7 54 
48:7 | 13-4 | 10-5 3:8 7-4 L7 3-9 3-6 162 | 0-105 | 4:33 | 57-2 | 14-7 9-6 1-6 4-8 1-6 6-4 
47-8 | 13-2 | 12-6 5-2 73 1-8 2-9 3-6 218 | 0-083 | 4:63 | 66-1 | 14-5 | 11:5 2-1 4-7 ari 4-7 
37-6 | 10-1 | 20-6 6-0 4-6 6-0 6-1 3-7 226 | 0-086 | 4-94 | 44-2 | 11-1 | 18-9 25 .| 3:0 5-6 10-0 
47-4 | 12-5 8-9 3-2 4-4 6-0 5-9 3-8 164 | 0-136 | 5-58 | 54-4 | 13-3 8-0 1:3 2-8 5-5 9-4 
48-3 | 13:2 9-3 3-1 4:2 5-9 5-6 3-7 144 | 0-164] 5-81 | 54:3 | 13-8 8-2 1-2 2-6 5-2 8-7 
43-6 | 11:8 | 15-7 6-0 3-5 6-2 3-9 8-7 255 | 0-076 | 4-93 | 50-9 | 12-9 | 14:3 2-5 2-2 5-7 6-3 
40-5 | 12-5 | 21-4 6-8 P2338 5-0 4-2 8-2 244 | 0-065 | 4:00 | 47-0 | 13-5 | 19-4 2-8 2-1 4-5 6:8 
40-0 | 11:0 | 19-3 54 2-6 5-7 5-6 3-6 255 | 0-077 | 5-00 | 47-1 | 12-0 | 17-0 2-2 1:7 5-3 9-1 
4 44-0 | 11:8 | 12-4 6-1 3-4 6-0 4-1 3-7 261 | 0-088 | 5-78 | 62-4 | 13-1 | 11:5 2-6 2-2 5-6 6-8 
35-1 9-3 | 24-4 6-3 2-8 6-7 5:3 3-3 214 | 0-088 | 4-97 | 42-1 | 10-4 | 22-8 2-6 1:8 6-4 8-9 
401 | 11-1 | 191 | 63 | 2-7 | 66 | 4-4 | 3-6 | 280 | 0-070-| 5-09 | 47-4 | 12-3] 17-6 | 2:6 | 1-8 | 62 | 7-2 
42-7 | 11-7 | 14-2 5-6 2:8 6-3 4:3 3:7, 246 | 0-090} 5-78 | 50-8 | 13-0 | 13-2 2-3 1:8 5:9 71 
86-4 | 10-0 | 22-6 7-2 3-2 6-4 4-8 3-6 239 | 0-079 | 4-97 | 43-7 | 11-2 | 21-2 3-0 2-1 6-0 8-0 
41-4 | 11-5 | 15-6 5-6 3-0 6-2 5-1 3-6 266 | 0-085 | 5-81 | 48-9 | 12-7 | 14:3 2:3 1-9 5-7 8-4 
46-2 | 12°38 | 10-4 | 4-4 | 32 | 64 | 3-7 | 3:6 | 211 | 0-117] 6-34 | 54-2 | 14-1 | 9-5 | 1:8 | 2-0 | 5:9 | 6-0 
45-0 | 12-5 | 13:3 bl 3-4 6-3 3-1 3:6 284 | 0-078 | 6-68 | 53-2 | 13-8 | 12-2 2-1 2-2 5-9 61 
30-6 | 8-8 | 21-9 | 61 | 3-4 | 11-8] 5-1 | 3-7 | 148 | 0-189] 5-38 | 39-4 | 9-9 | 20-6 | 2-6 | 2-2 | 11-2] 8-6 
32-8 8-8 | 23-7 6-4 3-3 11:3 5-3 3-7 177 | 0-098 | 4:51 | 39-4 9-9 | 22-2 2-7 2-1 10-7 8-9 
36-8 | 10-0 | 18-1 5-6 3-0 11:2 5-1 3:7 206 | 0-100] 5-25 | 43-8 | 11-1 | 16-8 2:3 1:9 10-5 8-4 
37-5 | 9-9 | 17-0 | 61 | 3-2 | 11-2 | 5-2 | 3:8 | 189 |0-105! 5-13 | 44-5 | 11-0 | 15-8 | 2:5 | 21 | 10-5 | 8-6 
40-5 | 11-1 | 13-9 | 5-3 | 3-1 | 11-5 | 3-8 | 3:7 | 228 |0-089| 5-21 | 48-3 | 12-3 | 12-9 | 2:2 | 2-0 | 10-8] 63 
34:8 9-5 | 22-9 6-4 3-0 Ti} 4-1 3-7 207 | 0-074 | 4:03 | 41-9 | 10-6 | 21-4 2-7 2-0 10-6 6-9 
33-8 8-8 | 23-7 7-0 2-5 10-5 5-7 3-8 188 | 0:078 | 3:81 | 40-3 9-8 | 22:0 | 2-9 1-7 9-9 9-5 
36-1 9-4 | 21:5 6-9 2-8 10-6 4-4 | 3:8 201 | 0-083 | 4-36 | 42-9 | 10-5 | 20-1 2-9 1-9 10-1 7-3 
39-8 | 10-4 | 16-6 5-6 3-4 11:3 3-6 3-8 188 | 0-096 | 4-66 | 47-2 | 11-6 | 15-4 2:3 2-2 10-7 5-9 
41-3 | 11-1 | 14-2 5-2 3-2 11-7 3-9 3-7 228 | 0-083 | 4:87 | 48-3 | 12-2 | 13-0 | 2-2 2-0 10-9 6-4 
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Experimental Results. 


All the experimental work to be described was 
carried out at 1585 + 10° C. and the analytical 
results are given in detail in Table I. For the 
first four series of melts A, C, D, and H, slags 
containing the normal amounts of fluxes, as 
indicated, and with lime/silica ratios of 2-8, 2-4, 
3-5, and 4:0 respectively, were employed. The 
FeO content was varied over a wide range for 
each series and the values of the distribution 
factor (P,O,;)/[P] were calculated and are plotted 
against the FeO content in Fig. 17. It will be 
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Fia. 17.—Relationship between (FeO) and (P,O;)/[P] 
Ratio. 


seen that for each lime/silica ratio there is an 
optimum FeO content at which the value of the 
distribution factor (P,O;)/[P] is a maximum, 
and that the maximum value of this factor in- 
creases with the basicity of the slag. With a 
lime/silica ratio of 2-4, the maximum is broad, 
and over the range 12-22% by weight of FeO 
the value of the distribution factor is 120-130. 
The peak becomes very pronounced when the 
lime/silica ratio is increased to 2-8, and reaches 
a maximum value of 270 at 13-14% by weight of 
FeO. As the lime/silica ratio is increased still 
further, the maximum distribution factor is also 
increased, so that with CaO/Si0, = 3-5 the maxi- 
mum value of 340 occurs at 15% of FeO, and with 
CaO/SiO, = 4:0 the corresponding value is 460 
at 16% of FeO. 

At first sight, the form of these curves may ap- 
pear to conflict with practical experience, but it 
can be explained on the assumption that both 
FeO and CaO are essential for dephosphorization. 
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Thus, considering the curve for a lime/silica ratio of 
4-0, for FeO contents below 16% there is ample 
lime available and the value of the distribution 
factor is governed mainly by the amount of FeO 
present; this is in agreement with industrial 
experience. The peak, which will be considered 
in more detail later, corresponds to the point at 
which the optimum combined effect of CaO and 
FeO is operative. Any increase in FeO carried 
out in a slag of fixed lime/silica ratio must result 
in a decrease in the lime content, and, in the 
example under discussion, increasing the FeO 
beyond 16% causes a deficiency of lime which is 
responsible for the sudden drop in the distribution 
factor observed in this range. 

Curves of similar shape, but with rather greater 
scatter of the experimental points, are obtained 
if the total iron content expressed as FeO is used 
instead of the analytically determined ferrous 
oxide content of the quenched slag. When the 
results are plotted in this manner the peaks occur 
at 20-22% of total FeO, which is equivalent to 
about 154% of total iron. The total iron content 
of industrial basic slags does not generally exceed 
this limit, and there is therefore no opportunity 
of observing the maximum under normal steel- 
making conditions. 

By plotting the results in a modified form it is 
possible to bring out other salient features. ‘Thus, 
appropriate points of the curves of Fig. 17 are 
replotted in Fig. 18 to show how the distribution 
factor (P,O;)/[P] varies with the lime/silica ratio for 
fixed FeO contents. When the FeO content is as 
low as 8% the rate of increase in the distribution 
factor is small below a lime/silica ratio of 3-5, but on 
increasing the ratio from 3-5 to 4-0 the distribution 
factor is doubled. A somewhat similar effect is 
observed with an FeO content of 10%, but when 
the FeO is increased to 12°% the maximum rate 
of increase in the distribution factor occurs as the 
lime/silica ratio is increased from 2-4 to 2-8. 
This tendency is also observed in the curve for 
14% of FeO, and in the curve drawn to pass 
through the points which correspond to ‘the 
optimum FeO values in Fig. 17, but in both 
cases the rate of increase in the distribution 
factor as the lime/silica ratio is increased beyond 
2-8 is fairly constant. At 16% of FeO, which 
corresponds to the maximum on the curve for 
a lime/silica ratio of 4:0 in Fig. 17, almost a 
linear relationship exists between (P,O;)/[P] and 
(CaO) /(SiO,), but as the FeO content is increased 
still further there is a tendency for the rate of 
increase of the distribution factor to diminish as 
the lime/silica ratio is increased beyond 3:5. 
In fact, the curves for 20 and 22% of FeO indicate 
a reduction in the distribution factor in this 
range of lime/silica ratios, though it is con- 
sidered probable that this effect is not genuine, 
but is to be attributed to experimental errors. 
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From a fuller treatment of the results, which is to 
be given later, there is reason to believe that the 
experimental errors are relatively high in this 
region. It seems probable that for the curves 
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Fie. 18.—Relationship between (CaO) /(SiO,) and 
(P,0;)/[P] Ratios. 


corresponding to 20 and 22% of FeO respectively, 
increasing the lime/silica ratio beyond 3-5 causes 
little variation in the distribution factor. 

In Fig. 19 the distribution factor has been 
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Fia. 19.—Relationship between (CaO) /(FeO) and 
(P,O0;)/[P] Ratios. 


plotted against the (CaO)/(FeO) ratio. The ex- 
perimental points obtained for a definite lime/ 
silica ratio fall on a curve with a pronounced 
peak, which in all cases lies between (CaO)/(FeO) 
ratios of about 3 and 4. Generally speaking, the 
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(CaO) /(FeO) ratios used in steelmaking are higher 
than this, and Fig. 19 makes it clear that in this 
range reduction in the (CaO)/(FeO) ratio causes 
an. increase in the distribution factor. 

The final phosphorus content of the metal bears 
a definite relationship to the FeO content of the 
slag, and for each series the minimum phosphorus 
content corresponds to the peak of the curve in 


Fig. 17. Thus, series D, Fig. 20, is characteristic 
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Fic. 20.—Relationship between (FeO) and [P]. 


and corresponds to the series with a lime/silica 
ratio of 3-5. As the FeO content of the slag is 
increased the phosphorus content of the metal 
falls off rapidly, reaching a minimum of 0-03% 
by weight at 14-16% by weight of FeO. As 
the FeO is increased still further, the phosphorus 
content of the metal increases, but at a relatively 
low rate. The general tendency occurs in all the 
series, as may be seen by referring to the results 
contained in Table I. 

Effect of MnO.—In addition to the standard 
series containing 1-5% of MnO, special series of 
melts were carried out with a lime/silica ratio of 3-5, 
the Mn and MnX series each containing 5:5% 
of MnO, and the MnY series 11% of MnO. The 
results are plotted in Fig. 21. There is a pro- 
gressive lowering of the peak with increasing MnO, 
the maximum values of the distribution factor 
being 332, 274, and 228 for 1-5, 5-5, and 11-:0% 
of MnO, respectively. These values are almost 
directly proportional to the corresponding lime 
contents of 49, 43, and 41%, which suggests that 
the effect of MnO is merely that of dilution of the 
active constituents of the slag. 

Effect of P.O;—With a view to investigating 
the effect of P,O,, a special P series of melts was 
carried out in which the P,O, content was reduced 
to 55% and, in order to maintain a comparable 
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viscosity, the MnO content was increased from 
1:5 to 5-5%. The curve for series P is given in 
Fig. 22, together with those for series containing 
10-11% of P,O,; with 1-5 and 5-5% of MnO, 
respectively. Comparison of the curves shows that 
the maximum value of the distribution factor 
(P,O;)/[P] is almost exactly the same for the 
series containing 15% of MnO and 10-11% of 
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Fia. 21.—Effect of (MnO) upon (P,O;)/[P]. 


P.O, as for that containing 5-5°% of MnO and 
55% of P,O;. This, taken with the third curve, 
indicates that the effect of increasing the MnO 
from 1:5 to 5:5% is almost exactly counter- 
balanced, as far as the magnitude of the distribu- 
tion factor is concerned, by decreasing the P.O; 
from 11-0 to 55%. It will be seen that decreasing 
the (P,O;) in this way causes the point of maxi- 
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Fia. 22.—Effect of (P,O;) upon (P,O;)/[P]. 


mum distribution factor to move from 14% to 
174% of FeO. This effect is probably connected 
with the fact that P,O; is one of the constituents 
involved in the phosphorus reaction. 

The curves showing the variation of phosphorus 
in the metal with FeO in the slag for the three 
series of melts referred to have been plotted in 
Fig. 20. The series containing low (P,0;) is 
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characterized by a low phosphorus content in the 
metal. For the two curves of Fig. 22 which show 
almost identical maximum values of (P,O;)/[P], 
the corresponding minimum values for phos- 
phorus in the metal are 0-032 and 0-016% re- 
spectively. The fact that low (P,O;) in the slag 
leads to low phosphorus in the metal is in agree- 
ment with general experience. 

Effect of Al,O,.—Special alumina melts Al 
1-5 and Al 6-10 have been carried out with 
lime/silica ratios of 4:0 and 3-5 respectively, 
the alumina content being about 8-0% in each 
case. The curves showing the variation of 
(P,O;)/[P] with FeO content are plotted with 
those for similar lime/silica ratio, but normal 
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Fias. 23 and 24.—Effect of (Al,0;) upon (P,O;)/[P]. 


Al,O, content, in Figs. 23 and 24 respectively. 
For each lime/silica ratio the effect of increasing 
the alumina content of the slag is to cause a marked 
decrease in the distribution factor (P,O;)/[P]. 
This decrease is relatively greater than was 
observed with MnO and is difficult to explain on a 
basis of simple dilution. Although there is no 
direct evidence at this stage, it seems likely that 
the alumina reduces the amount of lime available 
for dephosphorization in somewhat the same 
manner as does silica, but when the results are 
discussed in more detail later it will be seen that the 
relationship developed for slags of normal alumina 
content is also valid for alumina contents of up 
to 8%, and that the apparent difference in behaviour 
is not significant from a statistical point of view. 


Treatment of Results. 


Since the ultimate object of this work was to 
derive some method of correlating the results in a 
quantitative manner capable of general applica- 
tion, the experimental data have been studied 
from several different points of view. When all 
the results were plotted together to show the 
effect of (FeO) upon the distribution factor 
(P,O;)/[P], it was found possible to draw smooth 
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curves through points corresponding to slags 
of approximately equal lime content (Fig. 25). 
This was also true when (CaQ) was plotted against 
(P,0;)/[P], but the scatter of the points was 
rather more marked in this case. The curves 
reproduced in Fig. 25 enable the effects of (FeO) 
and of (CaO) upon the distribution factor to be 
more readily understood. Thus, for slags con- 
taining a given percentage of lime, the distribution 
factor increases progressively with the (FeO) 
content. Furthermore, the higher the lime content 
of the slag, the greater is the increase in distribu- 
tion factor for a given increase in (FeO), so that 
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Fig. 25.—Effect of (CaO) and (FeO) upon (P,0,)/[P]. 


for a definite (CaO + FeO) content, better results 
are obtained with low (FeO) and high (CaO). 
Again, it may be seen from Fig. 25 that for slags 
containing a given percentage of (FeO), the 
distribution factor increases continuously with the 
(CaO) content. 

The curves drawn in Fig. 25 cannot be regarded 
as giving a truly quantitative picture, but classi- 
fication of the results is more simple than on the 
basis of lime/silica ratio. Thus the results of 
melts with slags of varying (SiO,), (MnO), (P,O;), 
and (Al,0,) contents no longer need separate 
treatment, and it is clear that the value of the 
distribution factor for a given slag—metal system 
is determined almost entirely by the (CaO) and 
(FeO) contents of the slag. 

The conclusions drawn from this method of 
plotting appear at first sight to conflict with those 
based on the method in which the results are 
grouped according to the lime/silica ratio. For a 


127P 


slag of given lime/silica ratio and fixed content 
of fluxes, any increase in (FeO) must cause a 
proportional decrease in the lime content and 
vice versa, whereas the curves of Fig. 25 indicate 
the effect of (CaO) and (FeO) when there is no 
such restriction. 

Many attempts have been made by other workers 
to correlate data obtained from steelworks practice, 
and among them may be mentioned those due to 
Whiteley !° and to McCance.11 Whiteley plotted 
the distribution factor (P)/[P] on a weight per 
cent basis against a “‘ basicity index ” which he 
defined as : 


FeO + MgO + CaO + MnO — 3P,0, 
SiO, : 
using molecular ratios in all cases. The results 


of the present work have been plotted in this way 
and are given in Fig. 26. The experimental 
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Fia. 26.—Experimental Data Plotted by Whiteley’s 
Method. 
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points cannot be represented by a straight-line 
relationship, but the scatter increases with in- 
creasing basicity index, so that all the points are 
contained within a triangular area with apex at 
basicity index approximately 2 and distribution 
factor zero. Reference to Whiteley’s original 
paper revealed that the scatter of his experimental 
results also increased with the basicity index, 
and that his points fell within a triangular area 
in the manner observed in the present work. 
Further consideration of the results of the present 
work shows that the behaviour of slags containing 
low or normal (FeO) can be reasonably represented 
by a straight line based on Whiteley’s method. 
In order to illustrate this point the results for slags 
containing less than 16% of FeO are represented 
in Fig. 26 by black circles and those correspond- 
ing to higher (FeO) values by crosses. Although 
Whiteley’s method cannot be applied satisfactorily 
to the wide range of slag compositions employed 
here, it seems likely that better agreement is to 
be expected when it is applied to industrial slags, 
where the range of compositions generally en- 
countered is much smaller. 
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McCance has defined the dephosphorizing factor 
of a slag as : 
i 1 (P05) 

[P] ° (FeO) + (P,05)’ 


and has plotted Fp against the lime content of a 
number of industrial slags, obtaining a straight- 
line relationship with relatively little scatter of 
the points. The factor becomes zero at 32% of 
(CaO), indicating the absence of dephosphoriza- 
tion with slags containing lower proportions of 
lime. When the present results are plotted in 
this manner, no such linear relationship is ob- 
tained, as will be seen from Fig. 27; indeed, 
dephosphorizing factors of about 400 are possessed. 
by slags with lime contents ranging from 324 to 
50%. Closer inspection shows that most of the 
results for slags containing 13% or less of (FeO) 
lie well below the line drawn by McCance. 
Similarly, most of the points which lie well above 
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Fig. 27.—Experimental Data Plotted by McCance’s Method. 


AO AS Occ 


the line are characterized by high (FeO) content. 
McCance’s line can be regarded as giving a 
reasonably good representation of the behaviour 
of slags containing from 13 to 19% of (FeO) and 
also of some of the high-(FeO) slags containing 
only a small proportion of lime. The introduction 
of (FeO) into the dephosphorizing factor was with 
the intention of compensating for the effect of 
(FeO) variations in the slag; the present results 
show that any such compensation is confined to a 
limited range of slag compositions and cannot be 
regarded as of general application. 

The effect of variations in (FeO) content upon 
the dephosphorizing factor as defined by McCance 
can be shown more readily by plotting /’p against 
(FeO). This has been done in Fig. 28, and smooth 
curves have been drawn through points correspond- 
ing to slags of approximately the same lime con- | 
tents. According to McCance, for each value of the 
dephosphorizing factor there is a unique lime 


BALAJIVA, QUARRELL, AND VAJRAGUPTA : 


content, but Fig. 28 makes it plain that when this 
treatment is applied to a wider range of slag 
compositions it is possible to obtain the same 
dephosphorizing factor with different lime contents, 
and that for a given lime content the dephos- 
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Fic. 28.—Effect of (FeO) and (CaO) upon the 
Dephosphorizing Factor. 
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phorizing factor is governed by the (FeO) content 
of the slag. The general characteristics of Fig. 
28 are remarkably similar to those of Fig. 25, 
in which (P,O;)/[P] was plotted against (FeO). 

In a recent paper, Jackson found that when 
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Fic. 29.—Experimental Data Plotted by Jackson’s 
Method. 


slag samples were taken at well-defined stages 
in the steelmaking process, it was possible to draw 
curves showing direct relationships between the 
total iron content of the slag and the sum of 
the (P,O;) and (SiO,) contents. Slightly different 
curves applied for samples taken (1) half-an-hour 
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before slagging-off, (2) during slagging-off, and 
(3) during tapping. The results obtained in the 
present work have been plotted on this basis in 
Fig. 29 and the scatter of the points is considerable. 
The results for any one series of melts with a 
fixed lime/silica ratio may be fairly represented 
by a straight line, but increasing the lime/silica 
ratio or decreasing the total flux content causes 
the line to move to the left. All the slags ex- 
amined by Jackson contained between 45 and 
50% of lime, and most fell within the limits 47- 
48%. The slope of the line obtained by Jackson 
can be explained almost quantitatively if it is 
assumed that the lime was maintained at a constant 
value and that any increase in the total iron 
content of the slag was at the expense of the 
(P,0, + SiO,) content. These assumptions are 
most nearly justified by the results given in Table 
VII. and illustrated in Fig. 10 of Jackson’s paper, 
where the sum of FeO, Fe,0;, SiO,, and P,O, 
lies within the limits 37-29 and 39-76%, with a 
mean value of 38-88%. Each 1% of (P.O, + 
SiO,) could replace or be replaced in the slag by 
1% of FeO or of Fe,0,, and the corresponding 
values of iron would be 0-78 and 0-70% re- 
spectively. In Jackson’s slags the quantities 
of FeO and Fe,O,; are approximately equal, so 
that 1% of (P.O; + SiO.) would be replaced by 
approximately 0-74°% of iron in the slag. As 
closely as can be measured from the small Fig. 10 
in Jackson’s paper, the slope of the line is approxi- 
mately 0-76. In (Jackson’s) Figs. 9 and 11 
the curvature of the lines is more marked, but 
quite a reasonable representation of the points is 
possible in each case by a straight line with slope 
about 0-75. 

The scatter of our results when plotted in this 
manner can also be explained in terms of the dilu- 
tion effect. Thus, for a given series of melts, the 
lime/silica ratio and the content of (P,0;) and 
other fluxes was maintained constant and the 
lime/silica content was successively replaced by 
(FeO). Taking the low-phosphorus series, P, 
as an example, the (P,O;) content was approxi- 
mately 5:5% in all cases, whilst the sum of the 
MgO, MnO, and Al,O, contents was about 12%. 
The sum of FeO, CaO, and SiO,, therefore, came 
to 82-5% for all the slags, and for a slag containing 
no FeO, the corresponding SiO, would be 18-3%, 
as the lime/silica ratio for this series was 3-5. 
Hence the sum of the (SiO,) and (P,O,) contents 
at zero (FeO) would be 23-:8%. If it be re- 
membered that when the (FeO) content is in- 
creased, the (CaO + SiO,) content is decreased 
by a similar amount, and that the lime/silica 
ratio is constant for a given series, it will be seen 
that, in order to increase the (SiO,) and therefore 
the (SiO, + P,O;) content of the slag by 1%, 
the (FeO) must be reduced by (m + 1)%, where 
m is the lime/silica ratio. This means that the 
= 1946—i 
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slope of the line is (m + 1) when (FeO) is plotted 
against (P,O,;, + SiO.) and in the case under 
consideration this becomes 4:5, so that the equa- 
tion of the straight line representing the P series 
is given by: 
(FeO) = 4-5 [23-8 — (P,0, + SiO,)] 

or : 

Total Fe = 3-5 [23-8 — (P,0, + SiO,)]. 


This line has been drawn in Fig. 29 and is a reason- 
able representation of the low-phosphorus series, 
the experimental points of which are indicated 
by black circles. The other two lines reproduced 
in Fig. 29 were calculated for the series C and D 
with lime/silica ratios 2-4 and 3-5 respectively, 
and the agreement with the experimental points 
is good. ‘These lines illustrate the fact that under 
our conditions the slope of the line is determined 
by the lme/silica ratio, and that for a given 
lime /silica ratio the position of the line is governed 
by the sum of the fluxes present. 

In carrying out these calculations it was assumed 
that all the iron in the slag was present as FeO, 
but it can be shown that the error involved in the 
present case by treating Fe,O, as FeO is of the 
order of only 1 or 2%. 

The treatment which has been given here shows 
that the relationship observed by Jackson has 
no such physico-chemical significance as he sug- 
gested, but is due to the effect of dilution under 
the strict conditions of slag control exercised in 
the particular works. 

Of the methods which have been developed in 
attempts to place the phosphorus reaction on a 
quantitative basis, that due to Schenck and 
Riess 2 seems to be unduly complicated and, 
even so, involves an empirical correction factor, 
whilst those which are claimed as only empirical 
relationships based on practical experience have 
been shown above to be very limited in their 
application. An attempt will therefore be made 
to throw light on the nature of the phosphorus 
reaction and to give a treatment which is ap- 
plicable to the wide range of slag compositions 
used in this work. 

It is widely accepted that the simplest form of 
the equation representing the oxidation of phos- 
phorus in the metal phase is : 


2P + 5FeEO =P,0,+ 5Fe . . . (1) 


and that the equilibrium constant for this reaction 
is given by : 
[P,05] 


is [P}[FeoO}>. 


In the case of a heterogeneous system consisting 
of slag and metal phases, another constant, 4, 
can be written : 

(P05) 


k = pp(Fe0)* 
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TaBLE I1.—Values of k Calculated on the Basis of (a) Analytically Determined (FeO) and (b) the 
FeO Hquivalent of (xFe). 


Wt.-% Basis. Mol.-% Basis. 

Melt No. Cale. on Analytical FeO. Cals. Cape eee aie 

CaO. Log 2CaO. ‘ 20a0. Log 2CaO. kX. 108: Log k + 5. 

KS LOS Log k + 6. kx 10%. Log k + 5. 

A5 34-4 1-537 10-6 1-028 3°9 0-592 40:3 1-605 2-4 0-388 
Ab 43-0 1-634 1866-0 3-271 417-7 2-621 48-9 1-689 416:3 2-620 
AT 34:6 1-539 17-7 1-048 5:5 0-743 40-4 1-606 - 4-2 0-619 
A8 38-0 1-580 184-2 2-265 66-9 1-825 41-9 1-622 52-8 1-723 
Al0 47-6 1-678 1060-0 3:025 304:3 2-483 53-4 1-727 291-7 2-465 
All 50-0 1-699 1825-8 3-262 495-8 2-695 55:8 1-746 543-0 2-735 
Al2 50-0 1-699 3399-1 3:532 993-3 2-997 56-2 1-749 944-1 2-975 
Al3 45-6 1-659 1475-5 3-170 445-1 2-649 52-4 1-719 361-5 2-558 
Al4 SOL 1-528 5:8 0:763 2-8 0-444 39-7 1-598 1:3 0-105 
Ald 30-4 1-483 3-0 0:473 1:3 0-121 35-4 1-548 0-7 —0-161 
Al6 46-6 1-668 527°3 2-722 125-8 2-100 52-7 1-721 137-7 2-139 
AlT7 49-5 1-695 2048-0 3:312 1409-7 3°150 54-8 1:738 573-2 2-758 
yonl 48-5 1-686 2036:7 3-310 538-9 2:732 53:7 1-730 565-0 2-752 
B2 46-5 1:668 3242-8 3-511 1074-4 3-031 51-6 1-712 894-8 2-952 
B3 50-3 1-702 3125-0 3-496 1201:3 3-080 55-2 1-742 896-4 2-953 
Cl 34-8 1-542 24-9 1-396 11-5 1-061 39-6 1-597 5-4 0-728 
C2 35-2 1-547 40-2 1-604 18-8 1-275 39-7 1-598 10-8 1-034 
C3 39-2 1-593 131-2 2-117 45:3 1-656 44-0 1-642 39-4 1-595 
C4 44-6 1-649 757-1 2-879 371-8 2-570 49-4 1-693 210-6 2-324 
C5 46-6 1-668 3244-6 3-511 788-2 2-897 50-4 1-702 1033-0 3-014 
C6 47-0 1-672 1732:3 3-238 661-3 2-820 51-3 1-710 538-0 2-731 
C7 43-6 1-640 516-0 2-713 188-6 2-277 48-6 1-685 136-8 2-136 
C8 47:8 1-679 1595-9 3-204 843-6 2-926 52-4 1-718 472-8 2-675 
C9 49-8 1-698 2851-7 3-455 1102-5 3:041 53-8 1-730 846-5 2-928 
C10 33-6 1-526 21-4 1-330 12:3 1-090 36-6 1-563 6-4 0-805 
Cll 32-4 1-511 23-2 1-366 11-0 1-041 36-4 1-560 6-0 0:778 
D1 40-4 . 1-606 147-4 2-167 54-0 1-732 46-6 1-667 35-7 1-552 
D2 37-6 1-575 123-0 2-090 56-3 1-75] 42-0 1-623 33-6 1-527 
D3 46-0 1-663 Tees} 2-865 207-3 2-316 51-7 1-713 187-7 2-273 
D4 40-9 1-612 135-4 2-130 48-0 1-681 45:7 1-660. 35:8 1-554 
D5 46-7 1-669 917-2 2-962 261-9 2-418 52-8 1-722 244-1 2-388 
D6 51-6 1 ove ie) 2332-9 3:367 610-6 2-786 56-4 1-750 688:7 2-838 
D7 58-1 1-764 6320-5 3-801 1717-7 3-236 61-0 1-784 2178-0 3°338 
D8 56-1 1:749 2726°3 3-436 845-8 2-927 60-6 1-781 823-3 2-916 
D9 48-9 1-689 3045-6 3-484 718-9 2-857 55:3 1-743 802-6 2-905 
JB) 54-9 1-740 16641-5 4-220 4230-8 3-626 59-5 1-774 5099-0 3-708 
D12 51-4 1-711 6510-8 3°814 1411-0 3-149 57-4 1-758 1784-0 3-252 
D13 34:3 1-535 25-2 1-401 9-5 0-978 40-3 1-606 5:5 0:742 
Fl 41-3 1-616 306-3 2-486 96-1 1-983 49-0 1-690 65-6 1:817 
2 44-0 1-644 719-7 2-857 173-8 2-241 50-7 1-704 174-6 2-242 
3 37-2 1-571 53-1 1-725 16-5 1-218 44-2 1-644 11-1 1-047 
H4 45-5 1-658 1755-4 3-246 371-7 2-571 53-3 1-726 391-3 2-593 
H5 49-8 1-698 4935-9 3-694 1041-0 3-017 56:5 1-752 1235-0 3-092 
6 50-0 1-704 9450-7 3-975 1950-0 3-290 56-7 1°753 2462-0 3°391 
HT 41-4 1-617 176-6 2-248 46:2 1-665 48-9 1-690 37:9 1-579 
Mn4 37-6 1-575 129-4 2-111 40-4 1-606 44-2 1-645 28-3 1-452 
Mn6 47-4 1-676 3916-0 3-593 960-9 2-983 54-4 1-735 920-6 2-964 
Mni7 48-3 1-684 2274-0 3-356 612-2 2-787 54:3 1:734 582-9 2-766 
Mni0 43-6 1-640 635-8 2-804 145-0 2-161 50:9 1-706 142-8 2-155 
Mnii 40-5 1-608 150-6 2-179 76-6 1-884 47:0 1-672 34:5 | 1-537 
Mni2 40-0 1-602 218-1 2-339 70-4 1-848 47-1 1:673 59-4 1-774 
Mni3 44-0 1-644 1747-2 3-243 278-9 2-446 52-4 1-720 371-0 2-569 
MnX1 35-1 1-545 50:6 1-703 17:8 1-250 42-1 1-623 10-4 1:018 
MnxX 2 40-1 1-603 282-0 2-450 76-4 1-883 47-4 1-675 61-5 1-789 
MnxX3 42-7 1-630 851-8 2-930 188-7 2:277 50:8 1-706 178-0 2-251 
MnxX4 * 36-4 1-561 92-0 1-964 26-0 1-415 43-7 - 1-640 18-6 1-270 
MnX 5 41-4 1-617 612-4 2-787 151-0 2-179 48-9 1-690 134-6 2-129 
MnxX7 46-2 1-665 2664-3 3:425 522-9 2-719 54-2 Hones; 598-7 2-777 
MnX8 45-2 1-653 1585-2 3-201 358-8 2-555 53-2 1-725 345:8 2-539 


(Continued.) 
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TABLE II.—Continued. 
Wt.-% Basis. Mol.-% Basis, 
Melt No. Calc. on Analytical FeO, | Cale. on {Ee Rxpressed 
2CaO. Log £CaO. 2Ca0. Log £CaO. k x 105, Log k + 5. 

kx 105, Log k + 5. Rex, 108s Log & + 5. 
MnYi 32:6 1-513 37-9 1-579 12:3 1:090 39-4 1-595 7:5 0-875 
MnyY2 32-8 1-516 43-7 1-641 14:6 1-164 39-4 1-595 8-7 0-940 
MnY3 36°8 1-566 190-5 2-281 56:3 1-751 43°8 1-641 39-2 1-594 
MnY4 37°5 1-574 229-2 2-360 56-4 1-751 44-5 1-648 47-2 1-674 
MnY5 40-5 1-608 890-9 2-950 202-2 2-305 48-3 1-684 184-1 2-265 
MnY6 34-8 1:542 80-3 1:905 26-0 1-415 41-9 1-622 16:4 1-215 
MnY7 33:8 1-529 58:5 1-767 18-0 1-255 40-3 1-605 12-2 1-085 
MnY10 36-1 1-558 95-1 1-978 26-6 1-425 42-9 1-632 19-3 1-285 
MnYi1 39-8 1-600 280:3 2-447 75-1 1-876 47-2 1-672 58-4 1-766 
MnY12 41-3 1-616 859-3 2-934 205-9 2-314 48:3 1:685 190-4 2-280 
PY 35-7 1-553 66:4 1-822 22-3 1-348 42-3 1-626 14-1 1-149 
‘P2 42-0 1-623 309-7 2-491 71-4 1-854 49-4 1-693 69-4 1-842 
P3 46-2 1-665 2185-0 3-340 392-2 2-593 52-7 1-721 539-9 2-732 
P4. 43-6 1-640 1325-0 3-124 277-4 2-443 50-0 1-698 315-4 2-499 
P5 43-5 1-639 847-6 2-928 188-0 2-274 50-4 1-702 197-2 2-295 
P6 42-3 1-626 746:3 2-873 151-9 2-182 49-6 1-695 171-4 2-234 
PF 42-1 1-624 613-2 2-788 139-2 2-143 49-1 1-690 137-2 2-137 
P8 46-9 1-671 2429-0 3:°386 421-0 2-624 53:8 1-730 599-8 2-778 
P9 40:6 1-609 499-1 2-698 98-3 1-993 47-7 1-677 111-9 2-049 
All 42-4 1-627 332-9 2-522 86-9 1-939 48-8 1-688 50-6 1-704 
Al2 43-8 1-642 605-5 2-782 172-1 2-236 50-6 1-703 141-6 2-151 
Al3 48-6 1-687 1926-6 3-285 439-3 2-643 57-1 1-756 423-5 2-627 
Al4 48-4 1-685 1516-7 3-181 276-0 2-441 57-0 1-755 334-7 2-525 
Ald 46-0 1-663 939-6 2-973 185:6 2-270 53-0 1-723 229-3 2-360 
Al6 42-3 1-626 260-9 2-417 80:8 1-907 49-4 1-693 59-9 1-778 
Al7 44-5 1-648 742-0 2-870 196-6 2-295 51:3 1-710 175:6 2-244 
Als 47-8 1-679 2067-7 3-316 472-9 2-675 56°3 1-750 458-0 2-661 
Alg 48-7 1-688 2178-5 3°338 531-3 2-725 57-2 1-757 481-5 2-683 
All1O 47-8 1-679 1566:3 3-195 304-9 2-484 56-1 1-748 334-1 2-524 


This involves the assumption that the [P,O;] 
and [FeO] in the metal are directly proportional 
to the total (P,O,) and to the (FeO) contents of the 
slag, respectively. In view of the known affinity 
of CaO for P,O; in the formation of a stable 

hosphate, it seemed logical to investigate the 
effect of (CaO) upon the constant k. Accordingly 
the values of k for all the melts have been calculated 
on the basis of (a) the analytically determined 
ferrous oxide of the slag and (b) the FeO equivalent 
of the total iron in the slag, both on a weight per 


‘cent basis; the results are given in Table II. 


and are plotted graphically against the corre- 
sponding total lime contents in Figs. 30 and 31. 
In both cases the form of the curve giving a fair 
representation of the experimental points suggests 
a relationship of the type y = ca”, and this was 
also true when the constant was calculated on 
the basis of molecular percentages. If a power 
law is valid, a straight-line relationship should be 
obtained by plotting the logarithm of the constant 
against the logarithm of the total lime content 


of the slag. This was found to be the case, and 


the results on a weight per cent basis are given 
in Figs. 32 and 33. Using the method of least 
squares, the straight line which fitted best the 
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Fic. 30.—Effect of Lime upon k, using analytically 
determined (FeO). 


132P 


results of all except the high-alumina series was 
found to be: 


Log k = 12-06 log XCaO — 21-93, 


and the correlation coefficient was 0-944. For the 
ten results of the high-alumina series, the straight 
line was given by : " 

Log k = 13-24 log XCaO — 24-02 


and the correlation coefficient was 0-979. In view 
of the fact that all the results for the high-alumina 
series fell below the line representing the other 
78 results, but within the experimental error, 
it was considered desirable to apply a statistical 
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Fic. 31.—Effect of Lime upon k, using UFeO. 


test to determine whether this apparent difference 
in behaviour of the high-alumina series was sig- 
nificant or not. 

Fisher 15 has devised a method for determining 
if the difference between two correlations is 
significant by transforming the correlation co- 
efficient r into a quantity z given by: 


2= 


For a number of observations NV, greater than 3, 


the standard error of z is 1//N — 3, and the 
standard error of the difference between two 2’s is: 


i i 
Jetset op 


where NV, and N, are the numbers of pairs in the 
two samples. If the difference between the two 
z’s is greater than twice the standard error, the 
difference is significant. 

For the melts of normal alumina content, 


af 


BALAJIVA, QUARRELL, AND VAJRAGUPTA : 


Ni = "78 and 7, = 0-944, “so “that” zp = 12773, 
and for the high-alumina series, V, = 10, rg = 
0-979, and z, = 2-275. The standard error of the 
difference in z corresponding to these figures is 
0-395, and the difference between the two correla- 
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log k + 5, using UFeO. 
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tions will be significant if (z, — z,) is greater than 


0-790. In fact, (2. — 2) = 0°502, and it must 


therefore be concluded that there is no significant 
difference between the high- and low-alumina 
series. 
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In view of this it was decided to treat all the 88 
results together, and it was found that they could 
be represented by the straight line : 


Log & = 11-80 log ©CaO — 21-51 . . (4) 


drawn in Fig. 32, and that the correlation co- 
efficient was 0-939. 

Values of & were also calculated on the basis of 
total iron converted to FeO, and the results, to- 
gether with the best-fit straight line, are given 
in Fig. 33. The equation of the line is : 


Log k = 10-78 log XCaO — 20-41 . . (5) 


_ and the correlation coefficient was 0-932. 

Using the FeO contents experimentally de- 
termined, the values of k were calculated on a 
molecular per cent. basis. It was found that the 
78 results which excluded the high-alumina series 
could be represented by the straight line : 


Log k = 13-99 log CaO — 26-51 . . (6) 


the correlation coefficient being 0-949. For the 
high-alumina series the best-fit straight line was 
given by: 


Log k =_11-73 log SCaO — 22:95 . . (7) 


and the correlation coefficient was 0-936. 

The significance test was applied, but it was 
found that (z, — z,) = 0-117, whereas it must 
exceed 0-790 in order to be statistically significant. 

Since there was no justification for dealing with 
the high-alumina series separately, all 88 results 
were considered together. The best-fit straight 
line corresponded to the equation : 


Log k = 13-65 log XCaO — 25:97 . . (8) 


and the correlation coefficient was 0-938. 

Before making use of the straight-line relation- 
ship thus obtained, it is desirable to consider 
certain points regarding the (FeO) values used in 
evaluating the constant k. Thus, Chipman 1° 
found that the oxygen content of the metal was 
directly proportional to the analytically deter- 
mined (FeO) content of the quenched slag, and he 
concluded that the Fe,O; present in the liquid state 
must be in a combined form. On this basis it 
would seem more correct to use the analytically 
determined (FeO) rather than the FeO equivalent 
of the total iron, but it should be remembered 
that the linear relationship between log k and 
log CaO is based on experimental results and 
is empirical in nature. There is little difference 
between the correlation in the two cases and 
therefore, from the practical point of view, either 
free or total (FeO) can be used, at least at 1585° C. 
One advantage of using the total (FeO) value is 
that it is independent of the rate of cooling of the 
slag sample, whereas, in order to make use of Fig. 
32, the slag sample must be rapidly quenched 
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in water so that the FeO —> Fe,0, change may 
be suppressed. 

It cannot be too strongly emphasized that the 
linear relationship between log & and log XCaO 
is empirical in nature and has no direct theoretical 
basis. As will be shown later when considering 
the effect of slag constitution, the linear relation- 
ship indicates that the free lime in basic slags must 
be directly related to the total lime content. 

The linear relationship between log k& and log 
xCaO is in keeping with the peak previously 
observed on the curve between the distribution 
factor (P,O;)/[P] and the (FeO) content of the 
slag, and by assuming the appropriate values of 
k it is possible to calculate the precise form of this 
curve. 

Thus, for the low-phosphorus series P, the 
average content of fluxes was 5:42% of P,O;, 
268% of Al,O;, 5-61% of MnO, and 4:22% of 
MgO, whilst the average lime/silica ratio was 3-4. 
The sum of the lime, silica, and total FeO was 
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Fia. 34.— Calculated Curves for Series P. 


therefore 82°% of the slag, and as the amount of 
total FeO was increased, 1:29% of FeO was 
replaced by 1:0% of lime and 0-:29% of silica. 


_By incorporating these relationships in equation 


(5) we obtain : 


Log [P] = 10-572 — 2-5 log 2FeO 
— §39log CaO . . . (9) 


Using this equation, the values of the phosphorus 
content of the metal, and also of the distribution 
factor (P,O;)/[P], for various total FeO contents, 
have been calculated, and the results are plotted 
in Fig. 34. The experimental points for the low- 
phosphorus series P have also been plotted in 
Fig. 34 and show that the positions of the experi- 
mental curves agree reasonably well with those 
calculated from equation (9). 

Equations (4) and (5) may be used to calculate 
slag compositions required for control purposes 
at 1585° C. Thus, equation (4), based on the use 
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of the analytically determined (FeO), can be 
rewritten : 
Log (FeO) = 4-302 — 2-360 log &(CaQ) 


— 0-4 log [P] + 0-2 log (P,0;) (10) 


and equation (5), based on the FeO equivalent of 
the total iron becomes : 


Log &(FeO) = 4-082 — 2-156 log &(CaO) 


— 0-4 log [P] + 0-2 log (P,O;) (11) 


These equations have been used to evaluate the 
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values. Thus, referring to the curves based on the 
FeO equivalent of the total iron, it will be seen 
that the required degree of dephosphorization will 
be produced by slags containing 9% of (P,O;) and 
17% of (FeO), if the total lime content is held 
at 45%. ‘ 
It must be borne in mind when using equations 
(10) and (11) and Figs. 35-38, which were de- 
rived from them, that they are all based on experi- 
mental results obtained under equilibrium con- 
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Fries. 35 and 36.—Relationship between (FeO), (CaO), and (P,O;) to give 0-05% of Phosphorus in the Steel at 
1585° C. 
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Fras. 37 and 38.—Relationship between (XFeO), (CaO), and (P,0,;) to give 0-05% of Phosphorus in the Steel at 


1585° C. 


lime and iron oxide contents necessary to reduce 
the phosphorus in the metal to 0-05°% for different 
(P,0,;) contents of the slag, and the results are 
plotted in Figs. 35-38. The curves of Figs. 35 
and 37 show how the (P,0,;) determined the (FeO) 
or &(FeO) necessary to reduce [P] to 0-05°% when 
the lime was maintained at certain specified values. 
Similarly, Figs. 36 and 38 show the corresponding 
relationships between the lime and iron oxide 
contents when the (P,O;) is held constant at certain 


(Based on Fig. 33.) 


ditions at 1585° C., and agreement should not be 
expected with practical results obtained under any 
other conditions. 

It is unfortunate that results obtained under 
steelmaking conditions are not available in 
sufficient numbers to test the relationships put 
forward in this paper. When slag analyses 
are published, it frequently happens that they 
are unaccompanied by satisfactory temperature 
measurements or even that the analysis of the 
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corresponding metal is omitted. Recently, Zea 18 
has given the analyses for 29 melts, but so few 
of these were carried out in the range 1575- 
1595° C. that they afford no real test of the 
present deductions. Until the present work has 
been extended to other temperatures, it would 
be unwise to speculate as to the quantitative 
effect of temperature upon the relationship between 
log k and log &CaO, nor is it possible to determine 
whether there is any systematic difference between 
the temperatures measured in the steel bath and 
those determined in the small laboratory unit. 
It would seem to be desirable that results obtained 
under industrial conditions should be dealt with 
in the manner described above, but it may be 
difficult to determine the slope of the line with 
accuracy, as, in a given plant, the lime content 
of the slag is not generally varied over a wide 
range. 

Since Zea claimed that of the methods available, 
that due to Schenck and Riess predicted most 
closely the actual phosphorus contents of his 
29 melts, the possibility of comparing this method 
with that developed in the present paper was 
considered. It was found that the method was so 
laborious that the time taken for a single result 
was some 20-30 min., so that to apply it to our 
88 results would take about 40 hr. of continuous 
work. However, the method was applied to 
three melts taken at random, but for which the 
agreement with the best-fit log k/log XCaO line 
was reasonably good. It was felt that the 
agreement in these three cases did not justify 
further work, but the results are given below : 

P Content Predicted 


Actual P Content, by Schenck and Riess’ 
Melt No. wt.-%. Method. 
C3 0:076 0-034 
Ha 0-027 0-018 
1233 0-020 0-017 


It is doubtful whether Schenck and Riess’ 
method could be used for the practical control 
of slag composition in industry, owing to the time 
taken for each determination. The present 
method has the advantage that if it is valid under 
industrial conditions it will be possible to draw 
large-scale charts, similar to Figs. 35-38, which 
may be readily used by the steelmelter during the 
refining period. 


SitaG CONSTITUTION. 


It has already been mentioned that the linear 
relationship between log k and log CaO is 
essentially empirical, yet it is not possible to obtain 
a more fundamentally sound relationship with- 
out a knowledge of the slag constitution in the 
liquid state. In the absence of a satisfactory 
technique for obtaining this information by 
direct methods, more than 50 of the slags have been 
examined in the solid state, using X-ray and 
petrographic methods. No attempt was made to 
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carry out an exhaustive investigation of the slag 
constituents from a mineralogical point of view, 
because of the tedious and difficult nature of the 
problem. Water-quenched slags were originally 
used for the petrographic examination, but were 
found to be too fine-grained for satisfactory 
results to be obtained. Most of this work was 
therefore carried out on slags which had been 
allowed to cool in the experimental furnace 
with the top open. For a number of melts both 
quenched and furnace-cooled slags were ex- 
amined by X-rays and no significant difference 
could be detected. For the rest of the X-ray work, 
therefore, the quenched slags were employed, 
and, as there was no real divergence between the 
results of the X-ray and petrographic examinations, 
it may be assumed that the rate of cooling in the 
furnace is sufficiently fast to suppress further 
modification in the solid state. 

Thin sections of a number of representative 
furnace-cooled slags were examined petrographic- 
ally, and three distinct phases were recognized. 
These consisted of : 


(i) Anisotropic primary crystals, sometimes 
dendritic in form, which were colourless in un- 
polarized transmitted light and gave weak polar- 
ization colours under crossed nicols. Double 
refraction was correspondingly low, probably of 
the order of 0-003-—0-005. 

(ii) A yellowish-brown constituent which sur- 
rounded the primary crystals. Under crossed 
nicols this phase exhibited bright yellow to 
yellowish-red polarization colours and the double 
refraction was of the order of 0-09. The refrac- 
tive index was also much higher for. this phase 
than for the primary crystals referred to above. 

(iii) An opaque isotropic constituent which 
occurred as interstitial matter, the colour vary- 
ing from dark brown to black. 


These three different phases can be recognized 
in Figs. 9 and 10, which were obtained from 
typical slags in transmitted light. Fig. 11 shows 
the appearance of the field given in Fig. 9 when 
viewed under crossed nicols. In this figure 
the bright clusters correspond to the yellowish- 
brown constituent (ii) and the grey areas to the 
anisotropic primary crystals (i). 

X-ray examination by the powder method 
using Co radiation also revealed the presence of 
three distinct phases, and on the basis of this and 
the petrographic work, the phases were identified 
as (i) a silico-phosphate phase, (ii) dicalcium ferrite 
with possibly brownmillerite in solid solution, 
and (iii) a solid solution of the three oxides, 
FeO, MgO, and MnO. Since the elucidation of 
the silico-phosphate phase involves considerable 
discussion, it will be convenient to leave this until 
the evidence for the other two phases has been 
described. 
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Ferrite—Aluminate Phase. 


X-Ray Data.—The structures of dicalcium fer- 
rite, of the ternary compound 4Ca0.Al1,03.Fe,Os, 
and of the continuous series of solid solutions 
which are formed between them are all very 
similar, and it is difficult to distinguish between 
them in patterns obtained from basic slags. 
The common structure, confirmed by comparison 
with a standard of dicalcium ferrite, was identified 
in all the slags examined. No evidence of a 
separate calcium aluminate or alumina phase 
was obtained even in the high-alumina series, 
where there was more alumina present than was 
necessary for the formation of the ternary com- 
pound 4CaQ.Al,0;.Fe,0;. It must be borne in 
mind, however, that small percentages, depend- 
ing upon the crystal symmetry, can be present 
and not detected by X-ray methods. 

Petrographic Data.—Owing to the similarity of 
the crystal structures of dicalcium ferrite and 
4CaQ.Al,0,.Fe,03, the optical properties are also 
very similar, so that the two compounds are 
likely. to be confused in microscopic examination. 
By preparing standards of 2CaO.Fe,0, and of 
4CaO.Al,03.Fe,03, it was possible to show that 
the dicalcium ferrite was bright red, whereas the 
ternary compound was yellowish-brown. This 
difference in colour was clearly visible under 
crossed nicols. All slags with the molecular 
ratio Al,O;/Fe,0, less than unity contained the 
ferrite—aluminate phase with a colour intermediate 
between that of the dicalcium ferrite and the 
ternary compound. It is reasonable to suppose 
that this corresponded to a solid solution of the 
two compounds. No evidence was obtained for 
the existence of a calcium aluminate in those slags 
for which the molecular ratio Al,O;/Fe,0, was 
greater than unity, but the complex intergrowth of 
the different phases makes the detection of small 
amounts extremely difficult. 

General—aAs far as it goes, the X-ray and 
petrographic evidence is in agreement that the 
yellowish-brown constituent observed to surround 
the primary crystals probably consists of a solid 
solution between dicalcium ferrite .and brown- 
millerite. 


Oxide Phase. 


X-Ray Data.—The four oxides MgO, FeO, 
MnO, and CaO all possess cubic structures of the 
rock-salt type with parameters 4:20, 4:27-4:30, 
4-43, and 4:80 A. respectively. The cubic pattern 
which was given by all the slags examined did not 
agree with any of these structures, but corre- 
sponded to intermediate parameters. Thus, the 
values of the side of unit cube a calculated from 
the 220 diffractions for a number of slags are 
given in Table III. 

It will be seen that in the series C, D, and £, 
for which the MnO content was less than 1:5%, 
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the parameter is intermediate between those for 
MgO and FeO, and the oxide phase may therefore 
be regarded as mainly a solid solution of these two 
oxides. For the two high-Mn0O series, containing 
6 and 10% of MnO respectively, the parameter 
is greater than that for FeO, although still less 
than that of MnO. It seems likely that in this 
case the oxide phase is a solid solution of MgO, 
FeO, and MnO. 

No evidence of free lime was observed in any 
of the slags. It is possible, as Rait and Gold- 
schmidt 18 have suggested, that small quantities 
may go into solution in the oxide phase without 
the formation of a separate structure, particularly 
in the high-MnO slags. It should also be borne 
in mind that all the slags examined by X-rays 
have been very rapidly cooled from the molten 
state, and it is possible that the slags have, in 


Taste III.—Values of the Side of Unit Cube 
for the Oxide Phase in a Number of Slags. 


Slag No. Intensity of 220 Line. Onto te vs 
C3 . : : Strong. 4-243 
C6 . . . Strong. 4-242 
C7 . : . Strong. 4-242 
D4 Strong. 4-267 
D6 Medium. 4-242 
E3 Strong. 4-267 
a Medium. 4-289 
E6 Weak. 4-292 
MnX4 Strong. 4-298 
MnX6 Strong. 4-298 
MnX8 Strong. 4-326 
MnY5 Strong. 4-337 
Al2 Strong. 4-242 


ie 


fact, been quenched from above the immiscibility 
gap observed by Oelsen and Maetz.? Another 
possibility is that the free lime present in the 
molten state enters into combination on solidifica- 
tion and is observed in the solid slag as dicalcium 
ferrite. An important feature of our work, 
and one which may account for some of the 
differences between it and corresponding work 
carried out on industrial slags, is that our slags 
were completely prefused at a high temperature 
and no lime was added during the course of a melt. 
There was therefore no possibility of undissolved 
lime persisting to the end of the melt. 
Petrographic Data.—No attempt was made to 
carry out a detailed petrographic examination 
of this phase, but it was easily recognized as a 
very dark, isotropic material of high refractive 
index. In certain specimens evidence was ob- 
tained that the phase contained MgO in solid 
solution. Thus, in Fig. 12 the large crystals 
consist of MgO picked up from the hearth and 
show cleavage lines at right angles in accordance 
with the isotropic nature of this material. Close 
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examination reveals that these crystals are in the 
process of dissolving in the oxide phase, and in the 
boundary regions there is a gradual change in 
appearance from the transparent MgO to the very 
dark oxide phase. Magnesia crystals were not 
generally observed in the slags, and in this 
particular case they were almost certainly intro- 
duced at the moment of sampling. 

General.—The evidence confirms the view that 
the dark interstitial material observed in these 
basic slags consists essentially of solid solutions 
of FeO, MnO, and MgO. No direct evidence 
was obtained for the presence of CaO in this 
solid solution, nor was free lime detected by either 
X-ray or petrographic methods. 


Silico-Phosphate Phase. 


It is generally agreed that 3CaO.P,0; and 
2CaO.SiO, form a quasi-binary system, but there 
is still divergence of opinion as to the extent of 
the phase fields involved. Among the con- 
stituents which have been isolated may be men- 
tioned silico-carnotite (5CaO.P,0;.Si0,) and nagel- 
schmidtite (7CaO.P,0;.2Si0,), both of which 
have been observed in basic slags. 
Trémel,® there are three phase-fields between 
dicalcium silicate and silico-carnotite. They are 
(i) «-2CaO.SiO,, which is capable of dissolving up 
to 2 mol.-% of 3CaO.P,0,, (ii) the K phase cover- 
ing the range 45-12 mol.-% of 3CaO.P,0,, and 
(iii) the R phase, which contains from 17 to 57 
mol.-% of 3CaO.P,0;. Trémel considered that 
the silico-carnotite was formed in the solid state 
at about 1300° C. as a result of a _peritec- 
toid reaction between the R and «a-3CaO.P,O; 
phases. The diagram suggested by Barrett and 
McCaughey ”° differs from that of Trémel chiefly 
in the extent of the homogeneity ranges of the 
different phases and in the absence of the K phase. 
Moreover, silico-carnotite is considered to be 
stable at all temperatures below the solidus, within 
the range 51-65 mol.-% of 3CaO.P,0,. 

Bredig,!® on the other hand, has proposed an 
entirely new diagram, according to which com- 
positions from 0 to 50 mol.-% of 3CaO.P,0, form 
solid solutions at high temperatures, having the 
common structure of the «-hexagonal form. 
This structure is most stable in the case of nagel- 
schmidtite, in which it is readily retained in a 
metastable form to room temperature. Accord- 
ing to Bredig, B-2CaO.SiO, and silico-carnotite 
are formed only as a result of transformation 
in the solid state, the former passing through 
an «’ field before changing to the f form at a lower 
temperature. Bredig stated that the inter- 
mediate «’ phase gave an X-ray pattern which 
was similar to that yielded by the K phase re- 
ported by Trémel. Greene #1 has shown that the 
a-hexagonal structure is possessed at high tempera- 
tures by solid solutions of dicalcium silicate with 


According to © 


ee 


Na,O and Fe,0; or Al,03, but he was unable to 
confirm the occurrence of the intermediate «’ 
form. It may be mentioned, however, that Rait 
and Goldschmidt have recently reported the 
occurrence in some oxidizing slags of a high- 
temperature intermediate phase, which they 
designated «’. 

Because of the uncertain nature of the silico- 
phosphate constituent, it was considered desirable 
to prepare synthetic standards containing various 
proportions of 2CaO.SiO, and 3CaO.P,0;. The 


C20. 10, GP. GP 30 


P,0;, mol.- %. 


Fic. 39.—Compositions of Synthetic Standards. 


appropriate quantities of calcined pure precipitated 
chalk, pure precipitated silica, and of pure tribasic 
calcium phosphate were carefully mixed in a small 
ball-mill and then fused in an electric arc in the 
manner which has already been described. Since 
the fused material came into contact only with 
the powder from which it was made, there was no 
danger of contamination. As soon as an adequate 
amount of powder had been fused, the arc was 
switched off and the fused mass was rapidly 
quenched in cold water. The melts were 


TaBLE 1V.—Composition of Standards. 


- Analysis, wt.-%. Analysis, mol.-%. 
™ Melt. 

CaO. SiO,. P,0;. Cad. 
x 65-3 | 31-5 da 68-8 
Om: 64-3 | 26-1 8-7 | 69-8 
br. 63-6 | 20-4 | 15-0 | 71-5 
Chas 62°25) WG-7 20-5) 72-2 
Gh 6 59-0 | 14:3 | 26-5 | 71-1 
@ x 59-3 | 10-5 | 32-4 | 72-2 


then sampled and suitable portions taken for 
chemical analysis. The six melts which were 
prepared contained nominally 0, 10, 20, 30, 40, 
and 50 mol.-% respectively of 3CaO.P,0;, and 
the actual chemical analyses are given in Table 
TV. The results have also been plotted on a 
ternary CaO-SiO,-P,0, diagram in Fig. 39, and 
it will be seen that the points lie very close to the 
tie-line between 2CaO.SiO, and 3CaO.P,0,, so that 
the standards may be regarded as representing 
the binary system 2Ca0.Si0,-3CaO.P,0;. These 
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standards were examined by X-ray and petro- 
graphic methods, and compared with the silico- 
phosphate phase observed in the slags. 

X-Ray Data.—The X-ray patterns of standards 
6 and c in the water-quenched condition, and also 
after annealing at 1000° C. for 5 hr. followed by 
furnace cooling, corresponded to the «-hexagonal 
structure generally associated with nagelschmidt- 
ite. The observed spacings and those calculated 
for the structure assigned by Bredig )* to nagel- 
schmidtite (hexagonal, a = 5-36 A.; c = 7-08 A.) 
are given in Table V. 

The patterns given by standard e, and to a lesser 
extent those of standard d, differed in the water- 
quenched and annealed conditions. To assist in 
the interpretation of these patterns, a standard 
corresponding to silico-carnotite, 5CaO.P,0;.Si0,, 


TasBLe V.—X-Ray Results for Standards b and c 
Compared with Calculated Data for Nagelschmidtite. 


Nagelschmidtite. Standard 0. Standard c. 
Diffraction.|Spacing, A./Spacing, A.| Intensity. |Spacing, A.| Intensity. 
101 3°88 3-86 W. 3°87 Ww. 
002 3°54 Ge aes 3-44 W. 
is sis 2-94 W. 2-95 M. 
102 2-81 2-80 S. 2-80 8. 
110 2-68 2-66 S. 2-67 Ss. 
200 2-33 ae ae 2-29 W. 
201 2-21 2-20 M. 2-20 W. 
112 2-14 2-14 W. ane was 
202 1-94 1-94 S. 1-94 S. 
004 1-77 ae cee ae 

120 1-76 1-74 
104. 1-66 Ree era Geo 
122 1-58 1:57 Ww. 1-57 
114 1-48 1-48 W. 1-48 
204 1-4] BGP age 500 
220 1-34 1-34 Ww. 1:34 
W. = weak, M. = medium, 8S. = strong. 


was prepared and the X-ray pattern of the annealed 
material was taken. The observed spacings were 
found to agree with those of a hexagonal structure 
with parameters a = 6-85 and c = 7:33 A. and 
fairly well with those reported by Nagel- 
schmidt ** for silico-carnotite. Spacings for nagel- 
schmidtite, silico-carnotite, and the standards d 
and e are givenin Table VI. The water-quenched 
standard d was entirely nagelschmidtite, but in 
the annealed state there was some evidence of 
the presence of silico-carnotite, the 112 and 120 
diffractions appearing, whilst those lines which 
were common to nagelschmidtite and _ silico- 
carnotite were stronger in the pattern of the 
annealed sample. The diffractions were mainly 
those of nagelschmidtite, but the fact that silico- 
carnotite lines were obtained from the annealed 
material indicates the existence of a two-phase 
region. 


2-84 A. 
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In the water-quenched state, standard e con- 
sisted mainly of nagelschmidtite though mixed 
with rather more silico-carnotite than was ob- 
served in the annealed standard d. After anneal- 
ing, the standard e was converted entirely to 
silico-carnotite. These results are in agreement 
with Bredig’s diagram, and confirm the work of 
Klement and Streckenreiter,23 who showed that 
silico-carnotite transformed to the «-hexagonal 
phase before melting. The presence of small 
amounts of silico-carnotite in the quenched 
standard e suggests that the rate of quenching 
was insufficient to suppress the transformation 
on cooling. 

The spacings observed for standards X and a, 
in both water-quenched and annealed conditions, 


/-650 


Refractive index, 


/-600 I 
@Q YO “20 
2 CaO. S/O. 


mle lt 
301408 SOR 
3 C30. P;0;, mol-% 


Fic. 40.—Effect of 3CaO.P,0; upon the Refractive 
Index of 2CaO.S8i0, Solid Solutions. 


agreed well with those reported by Phemister 24 
for f-dicalcium silicate. This is illustrated in 
Table VII. 

The patterns from the quenched standards 
were the same as those from the corresponding 
annealed material, except that weak lines oc- 
curred in X at 2-84 A. and in a at 3-12, 2-96, and 
An exact explanation of these lines cannot 
be given, but it seems probable that they are due to 
the retention of small quantities of a high-tempera- 
ture form. 

Petrographic Data.—Visual examination of thin 
sections of the water-quenched standards under 
the microscope showed that a single phase was 
present in each case except standard e, and that 
the birefringence decreased with increasing 
3CaO.P,0; content. No attempt was made to 
determine the optical properties in detail, but 
Fig. 13, obtained from standard c, corresponds to a 
single phase. In Figs. 14 and 15, obtained from 
standard e in the powder and thin-section form, 
respectively, most of the crystals have the ap- 
pearance of twinning, which suggests that water- 
quenching is not sufficiently drastic to suppress 
transformation in the solid state, so that some 
of the low-temperature form is produced along 
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TaBLeE VI.—X-Ray Results for Standards d and e. 


Silico-Carnotite. 


Water-Quenched. 


A, Spacing, 


A. | Intensity. 


Nagelschmidtite. 
Diffraction. | Spacing, A. 
101 3-88 
002 3°54 
102 2-81 
110 2-68 
200 2-33 
201 2-21 
112 2-14 
202 1-94 
004 1-77 
120 1-76 
104 1-66 
122 1-57 
114 1:48 
204 1-41 
220 1-34 


Diffraction. | Spacing, 
102 3-22 
200 2-97 
201 2-77 
112 2:56 
202 2-35 
120 2.2 
121 2-16 
300 1-98 
203 1:94 
004 1-92 
104 1-83 

} 302 1:76 
114 1-68 
105 1-49 


3°84 
3°41 


the cleavage planes to give a 
lamellar structure. 


M. 


Bee 


a 


Standard d. Standard e. 
Annealed. Water-Quenched. Annealed. 
Spacing, A.| Intensity. | Spacing, A.| Intensity. | Spacing, A.| Intensity. 
3°84 M. 3°86 M. 
3:40 M. nis ae 
Be ners 3°33 M. sea ee 
as ar 3:19 W. 3°24 Ss. 
Sa: ae Bde 3:05 M. 
2-94 Se bed 2-98 M. 
2-80 Ss. bos Bre see 
2-64 M. are oe sere 
2-56 W. 2-58 = Ss 2:57 Ss. 
2°30 W.. 2:36 W. 2-36 S. 
2-24 Ww. 2-27 S. 2-25 S. 
2:19 Ww. son Bee ade 
2-14 W. 2-15 W. 2-15 M. 
seid ek = 1-98 M. 
1-93 M. 1-93 W. 1-94 M. 
ae Be Fi 1:91 M. 
see eat 1-80 M 1-80 Ss. 
{ 1-79 W. } 
1:74 M. “ae oS 
Bes oes 1-67 Ww. 1-67 NS) 
1:57 W. ees ee ae eee 
1-49 W. 1-49 W. 1-49 M. 
1-34 W. 1:33 W. 


S235: 


W. = weak, M. = medium, 8. = strong. 


characteristic 
A later stage in the process 
was observed in the annealed specimen, which 


TasLe VII.—X-Ray Results for Standards X 
and a Compared with Data for B-2Ca0.S1i0,. 


ee. Annealed Standard X.| Annealed Standard a. 
pacing, A.| Intensity. |Spacing, A|| Intensity. |Spacing, A.| Intensity. 
3:03 Ww. 3-02 W. 3:01 W. 
2-76 S. 2-76 s. 2-74 Ss. 
2-69 Se 2-69 Ss. 2-69 S. 
| 2-66 | W. a: Pas ae aes 
2-58 V.W. 2-58 M. S23 ane 
2-45 W. 2-38 Ww. 2-43 W. 
2-25 W. 2-26 W. oa as 
2-18 M. 2-17 S. 2-20 Ss. 
2-02 W. oie ys 2-04 W. 
1-98 M. 1:97 M. sie Ae 
1-89 W. 1-88 Ww. 1-92 Ss. 
1-80 W. 1:79 W. sais aa 
1-70 V.W. ace ate Ae ses 
1:63 M.W. 1-62 M. re ae 
1-61 M.W. 1-60 W. 1-59 W. 
1-57 V.W. ath iets 1-56 M. 
1-55 V.W. ant ie 55 
1:52 | V.W. ae ae ee 
1-48 vV.W. 1:47 W. 
139 V.W. ae ae 
V.W. 1-37 A 


V.W. = very weak, W. = weak, M.W. = medium 
weak, M. = medium, 8. = strong. 


had the appearance shown in Fig. 16, in keeping 

with the complete disintegration of the high-~ 
temperature form into crystallites of  silico- 

carnotite. 

With a view to identifying the silico-phosphate 
constituent observed in the slags, the average 
refractive indices of the standards were deter- 
mined by the immersion method. The liquids 
employed for this purpose were methylene iodide, 
«-bromonaphthalene, and benzyl benzoate, the 
refractive indices of which were known. In 
order to estimate the refractive index of a material 
falling between these limits, it was assumed that 
the refractive index of a mixture of two liquids 
with volumes and refractive indices V,, V., and 
M1, NM, respectively, was given by : 


Vy + 22V_ = (Vy + Vo). 


Although there is no sound theoretical basis for 
this assumption, it is known that the errors in- 
volved are small, provided that the liquids do 
not possess widely different densities. 

The results obtained for the standard melts 
are plotted in Fig. 40, and it will be seen that the 
refractive index decreases with increasing content 
of 3CaO.P,0;. As will be explained later, it 
was found possible to estimate the composition 
of the silico-phosphate constituent occurring in 
the slags, by making use of the relationship 
shown in Fig. 40. 
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General.—The results of both X-ray and petro- 
graphic examinations point to the existence of an 
a-hexagonal silico-phosphate at high temperatures, 
at least within the range 20-50 mol.-% of 
3CaO.P,0;. The lower limit may be less than 
20 mol.-%, but the X-ray results show that 
B-2CaO.SiO, is the only constituent in the stand- 
ards containing 0 and 10 mol.-%, respectively, 
of 3CaO.P,0;. Thus the nagelschmidtite struc- 
ture is possessed by such a wide range of solid 
solutions at high temperatures that it would be 
misleading to attempt to assign any definite 
chemical formula to this phase, and it would seem 
preferable to refer to it as the «-hexagonal silico- 
phosphate phase. X-ray examination shows that 
at a lower temperature the «-hexagonal phase 
containing 50 mol.-% of 3CaO.P,0, transforms 
to silico-carnotite, and the petrographic evidence 
is in accord with this view. In general, the results 
reported here for the silico-phosphate phase are in 
agreement with Bredig’s diagram. 


The Silico-Phosphate Phase Observed in the 
Slags. 


X-Ray Data.—Slags of series P, with molecular 
ratio (P,O;)/(SiO,) + (P,0;) between 0-1 and 0-2, 

ave X-ray patterns containing lines due to the 
B-2CaO.SiO, solid solution. The spacings ob- 
served for the three most prominent diffractions 
from slag P,, typical of the series, are given in 
Table VIII. and compared with those for 
B-2CaO.SiO,, given’ by Phemister, and _ those 
observed for the standard a. No evidence for 
the existence of another silicate or silico-phosphate 
phase was obtained. 


Tas.Le VIII.—X-Ray Data for the Silico- 
Phosphate Phase in a Slag of Series P. 


Slag P.. Standard a. B-2CaO.Si0,. 
2 


Spacing, A.| Intensity. |Spacing, A,| Intensity. |Spacing, 1h, Intensity. 


2-68 | M. 2-69 | S. 2-69 | S. 
240 | W. | 2:48 | W. | 2-45 | W. 
2-19 | S. 2-20 | 8. 2-18 | M. 


W. = weak, M. = medium, S. = strong. 


Representative slags from each series of melts, 
except A, were examined by X-rays, and 
altogether patterns of more than half the total 
number of slags were obtained. In all cases, 
except the P series already considered, the 


only silicate or silico-phosphate phase observed ° 


was that of the «-hexagonal silico-phosphate form. 
It was difficult to distinguish some of the lines 
from those of dicalcium ferrite and the oxide 
phase, but the 102 and 110 diffractions, with 
spacings 2-80 and 2-66 A. respectively, were 
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clearly visible and in most cases the intensity 
was strong. 

The occurrence of the «-hexagonal phase in the 
slags from the C series of melts calls for special 
comment, because the lime is insufficient for the 
formation of a silico-phosphate containing all 
the silica and P,O;. In a classification of in- 
dustrial slags according to the basicity index 
CaO/(SiO, + P,0O;), Mason 25 stated that he 
observed merwinite when this ratio was between 
1-4 and 1-6, and dicalcium silicate when the ratio 
was between 1:6 and 2-4. On this basis the 
dicalcium silicate pattern would be expected from 
series P, whilst merwinite should occur in the slags 
of series C, although it must be borne in mind 
that all the slags examined by Mason were low 
in P,O;. The X-ray pattern of merwinite is very 
similar to that of B-2CaO.SiO,, according to 
Phemister, and no indication of its presence was 
obtained in the X-ray patterns of the C series. 
It is known that when there is a deficiency of 
lime, MgO may replace CaO in f-2Ca0O.Si0,, 
molecule by molecule, to give merwinite, 
3CaO.MgO.Si0,, and monticellite, CaO.MgO.Si0,, 
respectively, and that all three compounds possess 
very similar crystal structures with almost 
identical optical properties, except that merwinite 
shows polysynthetic twinning in thin sections. 

It seems likely that in the presence of P,O; 
these compounds may be able to form series of solid 
solutions with 3CaO.P,0;, and, indeed, Schneider- 
héhn 7° claimed to have detected such substituted 
silico-phosphates, although he did not give their 
detailed properties. If such substituted silico- 
phosphates exist, the high-temperature form 
may be expected to possess the a-hexagonal 
structure as suggested, more generally, by 
Bredig.?” To throw more light upon this point, 
three standards were prepared with the chemical 
analyses shown in Table IX. 

The three standards P, Q, and R correspond 
approximately to the compounds 


3CaO.Mg0.28i0,.3Ca0.P,0,, 
2(3CaO.MgO.2Si0,).3Ca0.P,O,, 


and 2(CaO.MgO.Si0,).8CaO.P,0;, respectively, 
and in each case gave an X-ray pattern correspond- 
ing to a single phase possessing the structure 
of the a-hexagonal silico-phosphate. The sub- 
stitution of MgO for CaO appears to result in the 
spacings being slightly reduced, as indicated in 
Table X., where the observed spacings are com- 
pared with those for 2(2Ca0.Si0O,).3Ca0.P,0;. 
The results given in Table X. support the view 
that MgO may replace CaO in the «-hexagonal 
silico-phosphate with but slight changes in lattice 
parameters. The reduction actually observed 
is in keeping with the fact that CaO occupies 
more space than MgO, the size of the respective — 
unit cells being 4-80 and 4-20 A. It is not possible 
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TaBLe IX.—Chemical Data for Standards P, Q, 


and R. 
Standard. Constituent. Wt.-%. Mol. Ratio. 

P CaO 52-6 5:8 
SiO, 17-6 1-8 
P.O; 23-1 1-0 
MgO 6-7 1-0 

Q CaO 52:1 8-4 
SiO, 23-6 3-53 
P.O; 15-8 1-0 
MgO 7-76 1:74 

R CaO 45-1 4-8 
SiO, 18-0 1-8 
P.O, 23-9 1-0 
MgO 12-3 1:8 


to say whether a substituted silico-phosphate 
occurs in series C merely on the basis of spacing 
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in powdered form, and the refractive index of the 
silico-phosphate phase was determined approxi- 
mately by the immersion method. The curve 
relating the refractive index with composition, 
based on the examination of synthetic standards, 
was used, but no attempt was made to match the 
refractive index of the slag by mixing the ap- 
propriate liquids in exact proportions. In this 
manner considerable time was saved, yet the re- 
sults were sufficiently accurate to make identifica- 
tion of the silico-phosphate phase possible on the 
basis of the P,O,;/SiO, ratio, as indicated in 
Table XI. 

It is reasonable to suppose that the agreement 
between the results given in columns 3 and 4 of 
Table XI. would have been much closer had the 
refractive index of the slag been more accurately 
matched in all cases, but the agreement is 
sufficiently good to justify the conclusion that all 


TaBLE X.—Comparison of X-Ray Data for Nagelschmidtite and Standards P, Q, and RB. 


Nagelschmidtite (calculated data). Standard P. Standard Q. Standard R. 
Diffraction, hkl. Spacing, A. Spacing, A. Intensity. Spacing, A. Intensity. Spacing, A. Intensity. 
-| 
LOM 3-88 3°82 W. 3°85 M. 3°84 M. | 
002 3°54 3:43 W. 3:42 M. 3-41 M. 
102 2-81 2°77 8. 2-80 S. 2-80 S. 
110 2-68 2-64 8. 2-64 S. 2-63 S. 
200 2-33 2-29 W. 2-30 W. 2:28 M. 
201 2-21 2-18 M. 2-18 W. 27 M. 
112 2-14 2-08 W. 2-09 W. 2-09 W. 
202 1-94 1-92 S. 1-92 S. 1-92 S. 
004 1-77 naa ores iSTiel W. Ae 686 
120 1-76 368 1-73 M. 1-73 Me 
104 1-66 Kis Ee ae ane 1-67 W. 
122 1-58 1-56 W. 1-56 W. 1-55 Ww. 
114 1-48 1-48 W. 1-49 Sale 1-48 + M. 
204 1-41 Ree ane Hen Se ie Bec 
220 1-34 1-33 W. 1:33 W. 1-32 W. 
| 
W. = weak, M. = medium, S. = strong. 
determinations. On the other hand, the slags the silica and all the P,O; is contained in a 


of series P have approximately the same P,O;/ 
SiO, ratio as those of series C, and the conclusion 
may be drawn that partial substitution of MgO 
for CaO in low-P,0O,; silico-phosphates causes the 
a-hexagonal form to be retained on quenching 
instead of the B-2CaO.SiO,. If Bredig’s diagram 
be accepted, this means that the «-hexagonal 
form is stabilized to a lower temperature, in this 
range of compositions, by the substitution of MgO 
for CaO. The non-occurrence of the merwinite 
indicated by Mason’s classification is probably 
due to the rapid quenching to which our slags 
were subjected. : 
Petrographic Data.—As very little information 
regarding the silico-phosphate phase was obtained 
from the preliminary petrographic examination 
of thin sections of eight of the slags, representative 
slags of most of the series of melts were examined 


single silico-phosphate phase. 

Melts of series A and C were carried out at 
an early stage, and owing to an oversight the 
corresponding slags were not available for this 
work. 

Standards P, Q, and R were examined in 
powder form and found to consist of a single 
phase in each case. The birefringence appeared 
to diminish with increasing magnesia content. 

General.—The results obtained in the examina- 
tion of slags and standards for the silico-phosphate 
phase lead to the following conclusions : 


(1) All the SiO, and all the P,O; contained 
in the slag is in the form of a silico-phosphate. 

(2) If sufficient lime is present, a lime silico- 
phosphate, 2CaO.Si0O,.27(3CaO.P,0;), is formed. 

(3) When there is a deficiency of lime, MgO 
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may replace some of the CaO in the silico- 
phosphate. 

(4) The silico-phosphate generally observed 
in quenched slags possesses the «-hexagonal 
structure and optical properties associated 
with nagelschmidtite, but is to be regarded as 


TaBLE XI.—Identification of the Silico-Phosphate 
Phase from its Refractive Index. 


3Ca0.P.0,, 3C0aO.P,0, 
Slag No. Refractive Index of | % (deduced from | in Solid Solution 
the Silico-Phosphate.| Refractive Index, | (from chemical 
using Fig. 40). analysis), %. 
E2 Close to 1-658} Close to 26-5 27-1 
D1 he is 27-8 
D2 * 25-0 
| D3 % - 24-0 
D4 ig id 26-6 
D8 1-677 21:0 21-4 
Di3 <1-658 2625 32-5 
Mn6 Close to 1-658} Close to 26:5 29-6 
Mn7 of f 29-6 
Mni0 1-658 26-5 27-6 
Mnil 1-674 22-0 22-8 
Mni2 Just <1-658 | Just >26-5 29-4 
Mni3 BS 5 30-6 
MnX1 “f 32-2 
MnX2 a z 29-3 
Mnx3 - $3 30-8 
MnxX4 > on 30-6 
MnX7 <1-658 > 26-5 31-2 
MnxX8 Just <1-658 | Just >26-5 29-1 
MnY1 < 1-658 > 26-5 35-2 
MnY2 “5 as 31-2 
MnY3 as or 32-2 
MnY4 33 3 31-8 
MnY6 1-658 26:5 27:6 
MnY7 1-658 26-5 28-0 
MnYi1 1-658 26-5 28:6 
zal <1-699 >13-5 18-1 
P2 1-699 13-5 15-2 
P3 Just <1-699 | Just >13-5 15-5 
P4 ‘2 a 15-4 
Pb 5 53 16-0 
P6 1-699 13-5 15-2 
P8 1-699 13-5 14:5 
All 1-658—1-668 23-5-26-5 26-0 
Al2 ss % 25-6 
Al3 1-658 26:5 26-5 
Al4 1-658—1-668 23°5-26-5 25:5 
Ald 3 5 25:6 
Al6 3 9 25:3 
AlT 1-668 23:5 25-0 
Als 3 ‘s 25-1 
Aly 1-674 22-0 22-7 


an extensive range of solid solutions rather than 
as a compound. 

(5) When the P.O, content of the slag is low, 
the silico-phosphate occurs as a solid solution 
of 3CaO.P,0, in B-2CaO.Si0,, and it is possible 
that this is formed as a result of transformation, 
during cooling, of an «-hexagonal form as sug- 
gested by Bredig. 

(6) In the standards of molecular ratio 
P,O;/SiO, = 1, the silico-phosphate retained 
by quenching consists of a mixture of the 
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a-hexagonal form with silico-carnotite. In 
annealed samples only silico-carnotite occurs, 
thus showing that it should be regarded as a 
product of the transformation on cooling of 
the «-hexagonal form. No evidence of silico- 
carnotite was obtained from any of the slags 
examined, but the P,O;/SiO, ratio was in all 
cases less than unity. 


Some of these conclusions may appear at first 
sight to be contrary to current opinion as to the 
constitution of basic slags, but it must be re- 
membered that our slags were cooled fairly rapidly 
and that no attempt was made to realize equili- 
brium conditions during cooling. 


STATISTICAL TREATMENT OF THE ANALYTICAL 
RESULTS IN THE LIGHT OF THE PROBABLE 
SLAG CoNSTITUTION AT HicH TEMPERATURES. 


It has already been shown that a linear relation- 
ship exists between log k for the phosphorus re- 
action and log ~CaO-in the slag, but it was 
pointed out that this relationship was only 
empirical. It might be expected that a relation- 
ship more in accord with physico-chemical prin- 
ciples could be found if free lime were used in 
place of the total lime, but in order to do this 
it is necessary to make certain assumptions as to 
the slag constitution in the molten -state. Ex- 
amination of the slags reported in the previous 
section showed that a silico-phosphate was formed 
containing all the SiO, in the slag in the form of 
2CaO.SiO,, and all the P,O; as 3CaO.P,0;, and 
in view of the high melting points of such silico- 
phosphates it may be assumed that they are 
stable at steelmaking temperatures. Evidence 
was obtained that some of the lime was combined 
with Fe,O; in the form of 2CaO.Fe,0,, but it was 
not possible to decide whether or not alumina 
was combined with CaO in any form. In view 
of the low melting point of the 2CaO.Fe,O,; and 
the general uncertainty as to the amount of 
lime used up in combination with the Fe,0, 
and Al,O, in the liquid slags, it was decided to 
treat the results statistically on a molecular 
per cent. basis, making various assumptions in 
turn. In all cases except series C the formation 
of 2CaO.SiO, and of 3CaO.P,0, was assumed, 
and various degrees of association of CaO with 
Fe,0O,; and Al,O, were considered. Examination 
of the slags of series C had shown that the partial 
substitution of MgO for CaO was probable, and 
that unless such substitution occurred there would 
be no free lime in the slag. For series C, there- 
fore, it was assumed that in the silicate one 
molecule of CaO in four was replaced by MgO, 
which is equivalent to the formation of merwinite, 
and it is interesting to note that. this caused the 
results for series C to fall in line with those of 
other series. The various assumptions made 
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concerning the amount of CaO necessary for the 
Fe,O, and Al,O, are given in Table XII. together 
with the gradients of best-fit straight lines and the 
corresponding correlation coefficients. 

The assumption that 3Ca0.P,0; is formed is 
equivalent to assuming that the equation for the 
complete phosphorus reaction is : 


2P + 5FeO + 3CaO0 = 3CaO.P,0, + 5Fe . (12) 
and therefore, plotting log / for the equation : 
2P + 5FeO = P.O, + 5Fe (1) 


against log (free lime) should result in a straight 
line of gradient 3. From this point of view, the 
assumption that no lime is used up by AI,O, 
and that CaO is associated with Fe,O, to the extent 
of 0-75CaO.Fe,O, gives the most satisfactory 
figure of 3-07 for the gradient of the best-fit 
straight line. Whilst the correlation coefficient 
for this assumption is slightly lower than the 


Taste XII.—Assumptions of CaO Necessary 
for Fe,Q, and Al,O3. 


Correlation 
Combination Assumed to Occur in Molten Slags.| Gradient. Coefficient, 
Tr. 
2Ca0.Fe3,0, 2-11 0-71 
CaO.Fe,0, . ; 2-61 0-73 
CaO.Fe,O, and CaO.Al,O, 1-94 0-65 
0-5CaO.Fe,0, and Ca0.Al,0, 2-27 0-62 
0-5CaO.Fe,O, and 0-5Ca0.Al,0, | 2-50 0-74 
0-5CaO.Fe,0, ‘ : é 3-40 0-74 
0-75 CaO.Fe,0, 3-07 0-72 
enews Fe,O, and Al,O; 3°64 0-68 
highest obtained, it is still significant. The results 


for series A were not used for this statistical 
treatment, because no evidence had been obtained 
with regard to the constitution of slags of this series, 
so that only 73 results were available, which 
means that the correlation is significant if r > 0-3. 

The correlation coefficient is smaller, and the 
scatter of the points correspondingly greater, 
when free lime is used instead of total lime, and 
this is to be attributed to the fact that analytical 
errors of a given magnitude are greater in pro- 
portion when free lime is used. 

It is not claimed that the data given in Table 
XII. necessarily enable a true picture of the 
CaO-Fe,0,-Al,O, relationship in molten slags to 
be obtained. A line of similar slope and better 
correlation coefficient might result if some other 
assumption with regard to the association of 
CaO with Fe,O, and Al,O, were made, whilst the 
results would be different if some dissociation 
of the 2CaO.SiO, were assumed. It is clear that 
a really satisfactory quantitative treatment of the 
phosphorus reaction cannot be given without 


~ further knowledge of the relationships existing 


betweer. slag constituents at steelmaking tem- 
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Deatiee particularly between CaO, Fe,O,, and 
g3% 

Of the assumptions made in deriving the results 
given in Table XII., that in which the alumina 
was ignored and each molecule of Fe,O, required 
0-75 molecules of CaO gave the slope nearest to 
the theoretical value of 3, and may be re- 
garded as the most probable, subject to the 
limitations already mentioned. The numerical 
values for this case are given in Table XIII. and 
plotted in Fig. 41, together with the regression 


4:0 


w 
fe) 


log. k+s. mol-—% basis. 
Ny 
1) 
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oO Os ie) 
Log. (C30) ree, mol.-%. 
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Fic. 41.—Relationship between log &-+ 5 and log (free 


CaO) on a molecular per cent basis, assuming 
3CaO.P,O0,, 2CaO.Si0., 0-75CaO.Fe,0, and r = 0-724. 


lines and the line which bisects the angle between 
them—which has been referred to above as the 
best-fit straight line. Fig. 41 may be used to 
calculate the most probable value of the equili- 
brium constant : ; 

(P25) 


KC = -paRFeO)§(Ca0)s 


corresponding to equation (12). This constant 


will be equal to the constant : 

(P2035) 
[P}?(FeO)° : 
of Fig. 41 when log (free lime) is zero. On this 
basis the most probable value of K, subject to the 
assumptions which have been made regarding 
Fe,0, and Al,O3, is 2-72 x 10-8 at 1585° C. 


k= 


CONCLUSIONS. 


The work described in this paper appears to 
justify the following conclusions : 
(1) The experimental technique which has been 
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Taste XIII.—Statistical Treatment of Results, 
Assuming Formation of 3CaO.P,05, 2Ca0.Si0,, 
and 0-75Ca0.F e035. 


| Melt No. (620) Be pa en weet No: eG ¥. 
Cl 0-328 | 0-728 | MnX1 0-647 | 1-018 
C2 0-566 | 1:0384 | Mnx2 0-747 | 1-789 
C3 0-755 | 1-595 | MnxX3 0:759 | 2-251 
C4 0-893 | 2-326 | Mnx4 0-617 | 1-270 
C5 0-858 | 3-014 | MnxX5 0-639 | 2-129 
C6 0-897 | 2-731 | MnxX7 O75 1s 227717, 
CT 0-936 | 2-136 | MnX8 | 0-845 | 2-539 
C8 0-986 | 2-674 | MnY1 O79 0-875 
C9 1-045 | 2-928 | MnY2 0-608 | 0-940 
C10 0-504 | 0-805 | MnY3 0-616 | 1-594 
Cll 0-318 | 0-778 | MnY4 0-719 | 1-674 
DI 0-873 | 1-552 | MnY5 0-807 | 2-265 
D2 0-776 | 1-526 | MnY6 0-819 | 1-215 
| 1053 0-903 | 2-273 | MnY7 0-851 | 1-085 
| D4 0-866 | 1-554 | MnY10 | 0-772 | 1-285 
| D5 1-090 | 2-388 | MnY11 | 0-919 | 1-766 
D6 1-146 | 2-838 | MnY12 | 0-883 | 2-280 
hal DM IPAs, |) abies |e vez 0-914 | 1-149 
| IBS OR ez OL Gm te 1:053 | 1-842 
D9 0-787 | 2-904 | P38 1-121 | 2:732 
JON 0-980 | 3-708 | P4 1-134 | 2-499 
D2 0-997 | 3-252 | P5 1-025 | 2-295 
D13 0-324 | 0-742 | P6 1-111 | 2-234 
Hl 0-943 | 1-817) P7 Ve111 | 2-137 
E2 0-992 | 2-242 | P8 1-220 | 2-778 
#3 0:724 | 1-047 | P9 1-111 | 2-049 
H4 0-928 | 2-593 | All 1-033 | 1-703 
H5 1-086 | 3-092 | Al2 TESTRIEIE. |) 24a] Hoyt 
E6 1-146 | 3:391 | AJ3 1-149 | 2-627 
7 0-885 | 1-579 | Al4 1-137 | 2-524 
Mn4 0-725 | 1-452 | Ald 1-107 | 2-360 
Mn6 1-004 | 2-964 | AJ6 0-990 | 1-778 
Mni 0-923 | 2-766 | AI7 1-065 | 2-244 
Mni10 | 0-926 | 2-155 | Al8 1-053 | 2-661 
Mni1 0-771 | 1-537 | Al9 1:034 | 2-683 
Mni2 | 0-810 | 1-774 | Al10 1:065 | 2-524 
Mni13 | 0-840 | 2-569 
Number of sets of observations, N = 73; XX/N = 
Xe = (Oe Da NB Ver -O09 5s exe Ng 
0:836; DY?/N = 4:908; SXY/N = 1-975. 
: Ps SX a. 
on = =. 
/ N x 0-223 
aa 
6, = 2S — Y* = 0-713 
oe _XY 
P= ———— = 0-724 
6,0, 
Gradients with respect to 2 axis of the regression 
lines, (i) of X on Y= at = 4-41; (ii) of Y on 
xX = ty = PPRI Ie 
Gradient of the bisector of the angle between the 
regression lines = 3-07. 


developed for the investigation of slag—metal 
reactions has proved highly satisfactory, and ap- 
pears to be capable of wide application to steel- 
making problems. 
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(2) The various empirical methods which have 
been advanced to predict the amount of de- 
phosphorization occurring in industrial practice 
break down when applied to the wider range of 
slag compositions employed in this work. 

(3) A linear empirical relationship exists between 
log (total lime) and the logarithm of the equili- 
brium constant for the primary phosphorus 
reaction : 


2P + 5FeO = P,O, + 5Fe, 


showing that the main factors in dephosphoriza- 
tion are the FeO, CaO, and P,O,; contents of the 
slag. A method of slag control based on this 
relationship has been indicated, but since the 
present work was all carried out at 1585 + 10° C., 
the curves presented are similarly limited to that 
range. 

(4) This empirical relationship is independent 
of other variations in slag composition within the 
wide range examined. Thus the equilibrium rela- 
tionship is not significantly affected by alumina, 
at least up to 8%, whilst MnO and MgO appear 
to act mainly as diluents. 

(5) The constituents occurring in rapidly 
quenched slags are: (a) A solid solution of 
dicalcium silicate with tricalcium phosphate, 
containing all the SiO, and P.O, in the slag; 
in slags of low basicity, part of the CaO in the 
silicate may be replaced by MgO. (6) Dicalcium 
ferrite, which might, however, contain alumina 
in solid solution. (c) An oxide phase containing 
MgO, MnO, and FeO, with possibly some CaO. 

(6) The equilibrium constant : 


(P05) 
[P]2(FeO)5(CaO)? 


IK = 


has been evaluated by statistical methods on the 
basis of the most probable constitution of the slag 
at high temperatures. On the assumption that 
the slag constituents are equivalent to 3CaO.P,0;, 
2CaO.SiO,, and 0-75CaO. Hear the best value of 
EK is 2-72 x.10-§ at 1585 + 10° C 


ACKNOWLEDGMENTS. 


The authors wish to express their great apprecia- 
tion of the continued encouragement which they 
have received from Professor J. H. Andrew, D.Sc., 
during the course of this work. Thanks are also 
due to Mr. W. H. Wilcockson, of the Department 
of Geology of the University of Sheffield, for con- 
siderable help in the petrographic examination 
of the slags, and to Dr. W. R. Maddocks and Dr. J. 
White for many helpful discussions. 


The investigation was undertaken for the — 


Ingot Committee of the Joint Research Council, 
who gave generous financial support, and discussed 
the work at various stages. Although the authors 
have benefited greatly from these and other 


el 


PHOSPHORUS REACTION IN BASIC STEELMAKING PROCESS.—CORRESPONDENCE. 


discussions, they accept complete responsibility 
for the views expressed in this paper. 


REFERENCES. 


1. Symposium on Experimental Methods in Study of 
Steelmaking : Transactions of the American Insti- 
tute of Mining and Metallurgical Engineers, 1940, 
vol. 140, p. 126. 

2. TAyLor and Curpman : Transactions of the American 
Institute of Mining and Metallurgical Engineers, 
1943, vol. 154, p. 228. 

3. Herty: Transactions of the American Institute of 

eh ile and Metallurgical Engineers, 1926, vol. 73, 
p. fe 
. SAMSON-HIMMELSTJERNA: Archiv fiir das Hisen- 
hiittenwesen, 1933, vol. 6, p. 471. 
. Krines and ScHackMann: Zeitschrift fiir anorganische 
und allgemeine Chemie, 1933, vol. 213, p. 161. 
. Maurer and Biscnorr: Archiv fiir das Hisenhiitten- 
wesen, 1933, vol. 6, p. 415. 
. OELSEN and Maetz: Mitteilungen aus dem Kaiser- 
Wilhelm-Institut fiir Hisenforschung, 1941, vol. 23, 
No. 12, p. 195. 
. TROMEL: Stahi und Hisen, 1943, vol. 63, p. 21. 
. LorEnz: ‘Das Gesetz der chemischen Massen- 
wirkung.” Leipzig, 1927: L. Voss. 
10. WuiteLtEY: Proceedings of the Cleveland Institution 
of Engineers, 1922, No. 2, p. 36. 

11. McCancze: The Iron and Steel Institute, 
Special Report No. 22, p. 331. 

12. ScneNcK and Riess: Archiv fiir das Hisenhiitten- 
wesen, 1936, vol. 9, p. 589. 


Ia aA 


© co 


1938, 


145 P 


13. ZEA: Journal of The Iron and Steel Institute, 1945, 
No. I., p. 459 P. 
14. Jackson: Journal of The Iron and Steel Institute, 


1944, No. I., p. 49 P. 
15. FISHER : “* Statistical Methods for Research 
Workers.”’ London, 1941: Oliver and Boyd. 


16. CatpmMan: Transactions of the American Society for 
Metals, 1942, vol. 39, p. 817. 

17. HANSEN, BROWNMILLER, and BoauE : Journal of the 
American Chemical Society, 1928, vol. 50, p. 
396. 

18. Rarr and Gontpscumipt: Journal of The Iron and 
Steel Institute, 1945, No. I., p. 391 P. 

19. Brepia: American Mineralogist, 1943, vol. 28, 
p. 594. 

20. Barrett and McCaucHrey : American Mineralogist, 
1942, vol. 27, p. 680. 

21. Greene: Journal of Research of the National 
Bureau of Standards, 1944, vol. 32, p. 1. 

22, NaGeLscumipt: Journal of the Chemical Society 
(London), 1937, p. 865. 

23. Kumment and STRECKENREITER: Zettschrift fiir 
anorganische und allgemeine Chemie, 1940, vol. 
245, p. 236. 

24, PHEMisterR : Mineralogical Magazine, 1942, vol. 26, 
p. 225. 

25. Mason: Journal of The Iron and Steel Institute, 1944, 
INowIES p69 2: ? 

26. SCHNEIDERHOHN: Mitteilungen aus dem Kaiser- 
Wilhelm-Institut fiir Hisenforschung, 1931, vol. 13, 
p. LO9- 

27. Brepia: Journal of Physical Chemistry, 
vol. 46, p. 747. 


1942, 


CORRESPONDENCE. 


Dr. T. Fatrury (The Park Gate Iron and Steel 
Co., Ltd.) wrote : The authors say that they found 
it convenient to keep the lime/silica ratio constant 
for a given series of melts and to vary the FeO 
content of the slag, and, therefore, in Fig. 17, 
which shows the relationship’ between (FeO) 
and the (P,O;)/[P] ratio for the series A, C, D, 
and LH, the points are plotted in groups according 
to fixed lime/silica ratios. In British basic open- 
hearth steelmaking practice, where, generally, 
the P,O; contents of tapping slags are appreci- 
able, the lime/silica ratio does not mean a great 
deal as regards basicity, and a much better 
method of expressing basicity is by the ratio 
CaO /(SiO, + P,O;). Also, the total iron content 
of a slag is a good indication of its oxidizing 
power. Accordingly, I have calculated the values 
of CaO/(SiO, + P,O;) and the total equivalent 
iron for all the slags given by the authors in 
Table I. These values, for series A, C, D, and 
E, are plotted in Fig. A, and the values of the 
phosphorus in the metal and the dephosphorizing 
factors are shown. Fig. B gives similar results 
for the series B, P, Al, Mn, MnX, and MnY. 
When plotted in this way the results conform 
to what is obtained in practical steelmaking, 
that is, in both Figs. A and B the lowest values 
for the phosphorus in the metal are obtained 

1946—i 


when the basicities and oxidizing powers are 
suitable. For example, in Fig. A, when the total 
equivalent iron content is greater than 8-5% 
and less than 21-5°% and the CaO/(SiO, + P,O;) 
is greater than 1-7, then low phosphorus values 
are obtained. In the case of the six values in 
Fig. A where the total equivalent iron content 
is greater than 23°%, the phosphorus removal is 
not good, but the CaO content of these slags 
is very low, ranging from 30-4% to 37-2%. Fig. 
B clearly shows that the lowest values of the 
phosphorus in the metal are obtained with the 
higher basicity values when the total equivalent 
iron is adequate. 

At Park Gate we have found that, when using 
from 40% to 45% of hot metal, the majority 
of our tapping slags have a total equivalent 
iron content of 11-5-14:5%, together with 
Ca0/(SiO, + P,O;) values of 2-5-2-8. The 
authors do not include any slags within these 
ranges, and although the conclusions are very 
interesting, their value would have been greater 
had the investigation included slags typical of 
normal steelmaking tapping slags. 


Dr. A. H. Jay (Research and Development 
Department, The United Steel Companies, Ltd., 
Stocksbridge, near Sheffield) wrote : The subject 
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Fra. A.—[P] and Dephosphorizing Factors, Series A, C, D, and E. 
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PHOSPHORUS REACTION IN BASIC STEELMAKING PROCESS.—CORRESPONDENCE, 


of this paper is of great interest to me. I prefer 
to think of the paper in two parts: (a) Experi- 
mental and (b) analytical. 

In my opinion, the experimental portion— 
designing, making, testing, and using the equip- 
ment, and carrying out the necessary analyses— 
was a first-class piece of work. The work ought 
to be pursued further to study the effect of 
temperature and slags more in keeping with the 
conditions at tapping in industrial open-hearth 
furnaces. 

The analytical portion might be discussed under 
two headings, graphical and statistical. The 
graphical representation of some results (see 
Fig. 17) is very instructive in showing the effects 
of FeO content and increasing CaO/SiO, ratio. 
Results for A16, D3, and D13 are not included 
in the diagram; what is the reason for their 
omission? While there is a tendency for the 
distribution maximum to move to higher FeO 
content for increasing CaO /SiO, ratio, the range 
12-18% of FeO would have to be examined in 
greater detail to decide on this point. Con- 
sidering the experimental accuracy and the results 
available, the optimum FeO content is 14%, 
approximately, for this series. Will the authors 
explain the purpose of Fig. 18? The curves in 
Fig. 19 are very interesting. It is difficult to 
decide whether or not the value for CaO/FeO 
of 3-4 has any fundamental significance, though 
this ratio coincides with the position of a phase 
boundary in the binary system CaO-FeO. Results 
from tests made to find the effect of MnO suggest 
to me that it is not merely, as is said on p. 125 P, 
one “of dilution of the active constituents of the 
slag” (see further comment below). Should not 
the peak values for curves in Fig. 21 be 310, 
265, and 210, approximately (say +10)? The 
effect of alumina on the distribution factor 
(see Figs. 23 and 24) is shown to be very pro- 
nounced. I consider that alumina does behave 
like silica, and welcome this confirmatory evid- 
ence. The statement “ that the apparent differ- 
ence in behaviour is not significant from a 
statistical point of view ”’ is certainly not in agree- 
ment with the facts assessed with or without the 
help of statistics (see further comment below). The 
effect of magnesia in the range 3-14°% has not been 
determined, but an examination of a graph, 
drawn by myself, of Wk( = P,O,/FeO)®.(P)? 
plotted against CaO content, based on molecular 
percentages, shows a systematic grouping of 
points corresponding to high and low magnesia 
content with respect to a mean line relating 
“/k and CaO. Clearly, then, magnesia behaves 
as a base when the lime content is low. (Free, 
uncombined lime was not found even in the most 
basic slags examined.) : 

In the section “Treatment of Results ” some 
previous papers on slag/metal behaviour are 
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discussed and assessed in terms of the authors’ 
data. The authors’ conclusion that previous 
methods for assessing slag/metal behaviour are 
based primarily on local steelmaking conditions 
and not strictly on fundamental conceptions 
is true, but it must be said in fairness to these 
pioneers that they had to show “ workable 
expressions ”’ in the absence of any real knowledge 
of slag constitution. Further, in basic  steel- 
making the majority of slags at tapping have 
a higher “ basicity’ than any of those considered 
by the authors; in other words, steelmaking 
tapping slags carry lime (free, uncombined, 
dispersed, fluxed) which is absent in the present 
slags. The authors’ decision to represent the 
oxidizing power of the slag, with respect to the 
removal of phosphorus, by the simple expression : 


2P + 5FeO = P.O; + 5Fe 


is, in my opinion, not open to any serious criticism, 
since the slags do not contain any uncombined 
lime. The method permits the effects of MnO, 
MgO, and A1,O, to be assessed later if and when 
systematic errors arise due to over-simplification 
of analytical procedure. Having accepted the 
fact (source of information not given) of the 
“formation of a stable phosphate” (p. 137 P) 
it is a surprise to find that the authors have not 
tested by their experimental data the expression : 


3CaO + P,0; = 3Ca0.P,0; 


instead of having recourse to a determination of 
the constants for a curve suggestive of the type 

= cx” (p. 1387p). Had the authors proceeded 
in this way they would have found that their 
results (molecular basis), apart from the low CaO 
contents plotted as Vk against CaO, substantiated 
the above expression, 7.e., the association of 1 
molecule of P,O; to 3 molecules of CaO. (It 
should be pointed out, however, that the scatter 
of points would not allow of a distinction between 
3CaO.P,0; and 4CaO.P,0;.) The object of this 
comment is to draw attention to the type of 
curve relating the factor k and the total lime, 
rather than the evaluation of a single expression 
which claims to assess the dephosphorizing power 
of all slags given in this paper. The expressions 
are open to criticism, because lime is considered 
all-important while the effects of MnO, MgO, 
and Al,O, are dismissed as being insignificant, 
i.€., errors arising from the simplified treatment 
are included in the normal experimental error. 
This procedure is disappointing in view of the 
object of the research, viz., the fundamentals 
governing the removal of phosphorus. With 
regard to the numerical values in the equations, 
are not several in error? Considering the possible 
effects of MnO, MgO, and Al,O;, magnesia has 
already been discussed. (Incidentally, magnesia 
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can exert a pronounced effect in industrial 
furnaces.*) 

A comparison of observed and calculated 
phosphorus contents (use has been made of the 
authors’ equations) shows the effects of MnO 
and Al,O,. Examination of the positive and 
negative errors suggests the following comments: 

Series A, B, C, D, and E.—Errors positive and 
negative, not systematic. 

Serves Al (high Al,O,)—KErrors all in same 
direction, therefore systematic, and effect of 
Al,O, can be assessed. 

Series P, Mn, and MnX (medium MnO).— 
Errors show trend in one direction. 

Series MnY (high MnO).—Errors all in same 
direction, therefore systematic, and effect of MnO 
can be assessed. 

The above facts, together with a further study 
of Schenck and Reiss’ work, should convince 
the authors that their opinion of the value of 
that work has been hurriedly formed. 

A point suggested by the paper, from the 
straight-line relationships, Figs. 32 and _ 33, 
is the feasibility of extrapolation to higher lime 
contents. It is my opinion that this extra- 
polation is dangerous. It certainly would not 
agree with my experience of industrial metal 
and slag samples. The reason is clear to me, 
namely, that the oxidizing power of the slag is 
not given under all conditions by the numerical 
value of FeO or total iron contents, but is reduced 
markedly when free lime is present, owing to 
absorption of FeO in the lime (solid solution). 


AND VAJRAGUPTA : 


The last section of the paper attempts to 
determine the state or constitution of the slag 
at working temperatures. Two points call for 
comment: Will the authors define their use of 
the term ‘‘ freelime ”’? (Obviously it is something 
not visible under the microscope nor found on 
their X-ray photographs.) Will the authors 
give reasons for assessing the affinity of CaO for 
P,O, on the basis of the lime which is to be 
considered free (presumably uncombined or 
surplus) ? 

To sum up I would say that the experimental 
work is good, but the analytical treatment is 
disappointing. 

Should it be possible to pursue the work, 
I suggest the following points for consideration : 


(1) Examination of slags which contain un- 
combined lime : 


(a) Medium/high silica, low/medium phos- | 
phorus pentoxide, e.g., CaO, 52%; 
SiO,, 12%; P05, 6%; MnO, 6%; 
AloOs,ed Yona lg. 69,5, HéeOnlOOG 
FesOe 0 yee 


(6) Low/medium silica, high phosphorus 
pentoxide, e.g., CaO, 46% ; SiO0,, 8% ; 
P,O;, 16%; MnO, &c., as above. 


(2) Repeat a number of slags at other tem- 
peratures, up to, say, 1630° C. 

(3) Do not expect straight-line relationships 
to account for the behaviour of all slags. 


AUTHORS’ REPLY. 


The AvuTHOoRS wrote in reply: We are grateful 
to Dr. Fairley and Dr. Jay for having contributed 
to the discussion. 

Dr. Fairley’s confirmation that the laboratory 
results submitted are in keeping with practical 
experience is welcomed, and we shall look forward 
to hearing if the suggested linear relationship 
between log &CaO and log & fits in with industrial 
data. Any simple method of expressing basicity 
must be arbitrary and it was realized that the 
lime/silica ratio which we employed could not 
represent the basic power of the slag in any exact 
manner. It should be remembered that in any 
one series of melts the flux content of the slags was 
maintained constant, and when the FeO content 
was varied the CaO and SiO, contents were 
adjusted in such a manner that the CaO/SiO, ratio 
was unchanged. Bearing this in mind, it will be 
seen that for a given flux content the behaviour of 


a series of slags at a given temperature can be 
completely described if (P,O;)/[P] is plotted 
against (FeO) for a given CaO/SiO, ratio. As 
pointed out in the paper, the total iron content can 
be used instead of the analytically determined FeO 
if desired. 

The empirical nature of the basicity factor used 
by Dr. Fairley is emphasized by the fact that, in 
accounting for the six exceptions in his Fig. A, 
he finds it necessary to refer to the low CaO content 
of the corresponding slags. If the basicity factor 
were truly satisfactory it should compensate for 
such variations in lime content. 

It is unfortunate that our slag compositions did 
not quite cover the range of tapping slags, but in 
our early experiments we found that slags of 
higher lime content than those employed were 
unduly viscous and might not readily reach equili- 
brium conditions. With the experience now 
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available, however, there is no reason why the 
investigation should not be extended to the higher 
lime region, provided that sufficient time is allowed 
for the equilibrium conditions to be attained. 

We are grateful to Dr. Jay for drawing attention 
to the omission of three experimental points from 
Fig. 17; this was accidental, as he no doubt 
realized on plotting the missing points. The pur- 
pose of Fig. 18 is explained in the text, but unfor- 
tunately some misunderstanding may have re- 
sulted from an error which occurred in the dia- 
gram reproduced in the advance copy of the paper ; 
the diagram as now reproduced is correct. It is 
unlikely that the CaO/FeO ratio in Fig. 19 has 
any fundamental significance, since it is accepted 
that CaO and FeO do not form a true binary 
system. Fig. 19 does show, however, that the 
combined effect of CaO and FeO on dephosphoriza- 
tion is most pronounced when the ratio of CaO /FeO 
is between 3 and 4. The curves in Fig. 21 might 
have been drawn through the peak values sug- 
gested by Dr. Jay, but this would in no way have 
affected the deductions drawn therefrom. 

There is a tendency for MgO to increase the 
value of & for a particular value of CaO in the 
" series A, B, C, D, and EH, but this effect is not 
apparent in the Mn, MnX, and MnY series. 
Bearing in mind the fact that part of the lime is 
fixed by the P,O; as a lime silico-phosphate, and to 
avoid the complicating effect of this. constituent 
which is already included in the & expression, it 
would be more appropriate to plot log k + 5 against 
log (CaO — 3P,0;) on a molecular per cent basis in 
assessing the total effects of the other constituents. 
By plotting the results in this manner the linear 


relationship for the series A, B, C, D, and H would - 


be subject to the effect of only two varying consti- 
tuents, 7.e., MgO and SiOg,, since the Fe,O,, MnO, 
and Al,O, for these series are approximately con- 
stant. When this is done the results show no 
tendency to group themselves according to the 
corresponding MgO and SiO, contents. As for 
the effect of MnO, it was shown that by plotting 
log k + 5 against log &CaO on the molecular per 
cent basis, all the points of the high MnO series 
grouped in well with the other results. Within the 
experimental error these points distributed them- 
selves on both sides of the mean line, and the mean 
discrepancy between the actual and calculated 
phosphorus contents is 0-008 on the atomic per 
cent basis, which is equivalent to approximately 
0:004% by weight. This order of discrepancy is 
within the error of the actual analytical deter- 
mination of phosphorus. 

Work since carried out by two of the authors 
(K. B. and P. V.) on the phosphorus reaction at a 
number of other temperatures shows that MgO 
and MnO do not affect the relationship, and that 
the results for each temperature can be represented 
by a straight line parallel to that reported for 
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1585° C. in the present work. This work is now 
in course of publication. We are justified there- 
fore in concluding that MgO and MnO, at least up 
to the limit of basic practice, do not influence the 
relationship suggested in the paper. 

In dealing with the effect of alumina, Dr. Jay 
seems to have confused the terms “not signi- 
ficant,”’ in the statistical sense, with “ insignifi- 
cant’? as used in everyday speech. They are 
related in much the same way as “not proven ”’ 
and “not guilty’? in Scottish law. On the 
evidence at present available it is not possible to 
prove that alumina has any direct effect upon the 
process of dephosphorization, but further evidence 
may enable a more definite verdict to be returned. 
In the meantime, the fact that we have not 
summarily dismissed the chemical effect of alumina 
is clearly stated in the text, and in including the 
slags containing up to 8 wt.-% of Al,O3, we were 
well aware that some error was involved, but 
the statistical test showed this error to be within 
the experimental accuracy. Equations (4) and 
(5) can therefore be used in the control of the slags 
to which bauxite flux up to this limit is added 
instead of fluorspar. 

It cannot be too strongly stressed that the linear 
relationship between logk and log XCaO is 
empirical, having no direct theoretical basis, and 
that the fundamental nature of the phosphorus 
reaction cannot be elucidated satisfactorily in 
the absence of real knowledge of the liquid-slag 
constitution. The straight-line relationship, how- 
ever, does afford a simple picture of the dephos- 
phorization process from a practical point of view. 

It would be interesting to know on how many 
slag and metal analyses obtained under satisfactory 
conditions Dr. Jay bases his contention that it 
would be dangerous to extrapolate the linear 
relationship to higher lime contents. Even with 
the strictest control over methods of sampling 
and analysis—and Dr. Jay does not suggest that 
our experimental techniques were in any way 
inferior to current industrial practice—appreciable 
scatter of the experimental results occurs, and 
many points were necessary to determine the 
straight-line relationships of Figs. 32 and 33 with 
assurance; even more would be necessary in order 
to be dogmatic as to the validity of extrapolation 
to higher lime contents. So few slag/metal 
analyses with corresponding temperatures are 
reported in the literature that it was impossible for 
us to check our findings with industrial results, and 
therefore if Dr. Jay has available the large number 
of results which would be necessary to justify his 
confidence, we suggest that he and his firm would . 
be doing the steel industry a real service by 
publishing them. 

As a matter of interest to those who wish to test 
the suggested relationship it should be mentioned 
that 15 melts with temperatures between 1570° 
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and 1600°C., from a paper by Zea,* have been 
plotted on the basis of total FeO, and the points 
group themselves at the top end of the straight line 
given in Fig. 33 of our paper, thus showing that 
the linear relationship is still valid in this range of 
industrial refining and tapping slags. 

Dr. Jay has queried the accuracy of the 
numerical constants in some of the equations; we 
can only say that these figures were derived by 
means of the normal method of least squares, 
using a calculating machine, and that check deter- 
minations were carried out. 

In dealing with the methods proposed by pre- 
vious workers on the subject, we have due respect 
for these pioneers, but the scientific spirit demands 
that one be impersonal and that there should be 
no hesitation in stating facts. The earlier methods 
have been fairly discussed and shown to be applic- 
able over certain ranges of slag compositions. In 
assessing the value of Schenck and Riess’ method, 
full consideration should be given to the assump- 
tions on which it is based, and Dr. Jay himself must 
admit that they are contrary even to his own 
experimental evidence. 

The oxidation of phosphorus by FeO given in 
equation (1) represents only one stage of the 
complete phosphorus reaction, as is shown by the 
fact that the value of k based on this equation is not 
a constant. Our assumption that a stable phos- 
phate is formed is well supported by our experi- 
mental evidence and more explicitly by the work of 
Oelsen and Maetz (see reference 7 of the paper) and 
of Trémel (see references 7 and 8, respectively, of the 
paper). Dr. Jay’s substantiation of the expression 
3CaO + P.O, = 3CaO0.P,0; is unsound from the 
physico-chemical point of view ; firstly, because the 
CaO in his expression is not “ free ” and, secondly, 
because this way of plotting is merely another 
version of the method suggested in the paper, and 
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examination of the points obviously indicates the 
relationship of the type y = cx” and not a straight 
line as he imagines. Equation (8) shows that the 
value of n is about 14, and taking the cube root of 
the equation y = cv* cannot possibly result in a 
linear relationship except to a crude first approxi- 
mation. 

The term “ free lime” mentioned in the last 
section of the paper refers to the lime which is in 
excess of the amount necessary to combine with 
SiO,, P,O;, and Fe,O;, in the relations assumed. 
The fact that the free lime is not present as a 
separate phase in the slag after solidification is not 
difficult to explain. A limited amount may be 
present in the oxide phase as solid solution, as 
suggested by Rait and Goldschmidt (see reference 
18 of the paper); a further quantity may be com- 
bined in the form of a ferrite-aluminate phase on 
cooling, and there is the possibility of the forma- 
tion of a separate aluminate phase existing in the 
solid slag, but not in sufficient quantity to be de- 
tected by X-ray and microscopic examination. 

Concerning our assessment of the affinity of 
CaO for PO, on the basis of the lime which is to 
be considered “‘ free,’’ we would refer Dr. Jay to 
p. 143P; we believe that, bearing in mind the 
law of mass action, he will have no difficulty in 
understanding our reasons for this procedure. 

We are grateful to have Dr. Jay’s suggestions 
for future work. As he will have gathered, some 
of these items have already been dealt with and 
the results will soon be published With regard 
to the others, we should like to suggest that the 
technique which we developed has proved itself 
and there is no good reason why workers in 
industrial laboratories with a real interest in the 
physical chemistry of steelmaking should not 
apply this method to their own problems. 


* Zea, Journal of The Iron and Steel Institute, 1945, No. L., p. 459 p. 


FUEL PROBLEMS IN THE SWEDISH IRON AND 
STEEL INDUSTRY.* 


By Dr. MAGNUS TIGERSCHIOLD (JERNKONTORET, STOCKHOLM, SWEDEN). 


SYNOPSIS. 
The evolution of the Swedish iron and steel industry and the mineralogical, historical, and economic 


factors affecting that evolution are briefly discussed. 


The occupation of Norway by the Germans in 1940 completely isolated Sweden from British and 
American sources of imports; with little or no suitable native resources of coal, petrol, or fuel-oil, 


the position of Swedish industry in regard to fuel supplies was critical. 


Fuel economy became a para- 


mount necessity and industry went over to the use of substitutes, such materials as wood, charcoal, and 


pressed-straw bales being used as metallurgical fuels. 


Equipment and methods were altered and new 


equipment and methods were devised to meet the situation, with striking results. 
The present state and the future prospects of the Swedish iron and steel industry are discussed. Sweden’s 
natural advantages of large resources of pure iron ore and relatively great supplies of hydro-electric power 


have led to the adoption of special methods for reduction. 
coke blast-furnaces has resulted in a very low consumption of coke. 


The use of 100% sintered concentrates in the 
The rich concentrates have proved to 


be an excellent raw material for sponge-iron production, and the Héganis and Wiberg processes and their 
future place in the Swedish iron and steel industry are considered. 


I.— INTRODUCTION. 


THE scope of this paper being to review the fuel 
problems in the Swedish iron and steel industry, 
it is considered necessary first to give a brief out- 
line of the development of that industry, together 
with its present structure. 

Formerly the conditions for a Swedish iron and 
steel industry were extremely good. The iron- 
ore resources are very large in comparison with 
the size of the country, charcoal could be pro- 
duced at a low price almost everywhere, and 
water-power could easily be derived from the 
many streams and rivers. From ancient times 
until the last decades of the 19th century the 
structure of the Swedish iron and steel industry 
remained broadly the same, consisting of very 
many small units located in places where iron 
ore, charcoal, and water power were available. 

Before the introduction of coke and coal for 
the production of iron and steel, charcoal and 
wood were the only fuels used for this purpose, 
and Sweden held a very strong position in the 
iron and steel production of the world. During 
the first half of the 18th century no less than 
35% of the world’s iron and steel was made in 
Sweden, 7.e., about the same proportion of the 
world production as that of the United States 
during 1930 and subsequent years up to the out- 
break of war. But as soon as coke was used more 
frequently as blast-furnace fuel, the dominating 


position of Sweden ended and to-day she pro- 
duces less than 1% of the world production of iron 
and steel; on the other hand, the tonnage pro- 
duced in Sweden to-day is more than fifteen times 
as great as it was in the middle of the 18th century. 

The introduction of the puddling process in 
Britain was a severe blow to Swedish iron and 
steel production, and when in 1860 the Bessemer 
and open-hearth processes began their triumphal 
progress throughout the world the position of the 
Swedish iron and steel industry was again severely 
threatened. The small units (at that time 
mostly charcoal-fired Lancashire hearths for 
wrought-iron production) had to be replaced by 
much larger furnaces, and the water-driven 
hammers were replaced one after another by 
rolling mills, with greater production and much 
higher installation costs. Most of the Swedish 
ironworks were privately or family owned, and 
many of them could not raise the money necessary 
for the building of open-hearth furnaces, Bessemer 
plants, and rolling mills. However, companies 
were formed which modernized the most favour- 
ably located works, while many other plants had 
to go out of production. 

At that time the Swedish iron and steel industry 
changed over more definitely to quality-steel 
production, there being strong natural reasons 
for such a development. From the high-grade 
native ores and charcoal, both free from con- 
tamination, a pig iron was produced which 
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formed the “ virgin ”’ basis for Swedish production 
of quality steel; the possession of successive 
generations of highly skilled workmen, foremen, 
metallurgists, and engineers, all of them having 
the sense of quality in their blood, has also been 
a great advantage. 

It is worth mentioning that formerly very few 
new metallurgical processes were originated in 
Sweden, but on the other hand foreign processes 
were rapidly adapted and skilfully developed to 
suit Swedish conditions. It is characteristic that 
in Sweden the acid Bessemer as well as the acid 
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Fic. 1.—Fuel Resources of Sweden, converted into coal- 
equivalents. (Figures represent millions of tons.) 


open-hearth processes were developed especially 
for quality-steel production at an early stage, 
the Bessemer process through the great work 
of Goransson at Edsken and Sandviken, and the 
acid open-hearth process by Lundin at Munkfors. 
Subsequently, much has also been done in the 
development of electric steel furnaces for quality- 
steel production. 

As an example of the rationalization process 
mentioned above, the number of blast-furnaces, 
which in the year 1870 amounted to 215, had 
diminished to 135 by 1900, while to-day there are 
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only about 50 blast-furnaces in operation in the 
entire country. 

It is quite understandable that Sweden had, 
and always will have, great difficulties in com- 
peting with the large iron- and steel-producing 
countries of the world in the manufacture of 
commercial steel. One of the chief reasons for 
this is that there are no coal resources in Sweden 
worth mentioning (the fuel resources of the 
country are graphically shown in Fig. 1). It is 
of interest to point out that Sweden’s greatest 
resources in heat units are her extensive layers of 
bituminous oil-bearing shales. During this last 
war a large plant for the distillation of oil from 
shales was built and put into production, but 
there is very little hope that supplies from such a 
source can be economically utilized under normal 
conditions. 

The peat moors, which form the next largest 
resource of fuel in Sweden, can also be utilized 
under war-time conditions only; in such circum- 
stances, they at least form a very good reserve. 
Last year the production of peat was raised to 
14 million tons,* which corresponds to about 
600,000 tons of coal. 

Fully to understand Fig. 1, it must be men- 
tioned that the annual regrowth of the Swedish 
forests corresponds in heat value to about 14 
million tons of coal. The continuous rise in 
labour costs makes the use of wood or charcoal 
as fuel for the iron and steel industry more and 
more expensive. The forests have been severely 
depleted during the war, and under normal 
conditions they must be reserved for the produc- 
tion of timber, pulp, and chemicals, where the 
use of wood is much more economical. The 
total consumption, production, and imports of fuel 


Taste I.—Swedish Consumption, Production, and Imports of Fuel, 1939. 


Oil for Fuel Wood (loose Coal 
: Coal, Coke, ; Petrol and Wood Alcohol, Peat, : 
Consumption. x 1000 tons. | X 1000 tons. ee Sie a 1000 gal. ‘te x nee tt. | * 1000 tons. er 
Industry ; ; : 3,500 610 60 53,400 
For generation of electric 
power : : 320 
For generation of city gas 810 nae age 
For production of charcoal 900 sei 132,200 
For railways, automobiles, 
and marine purposes 1,040 20 450 fe 6e0D eed } 700 
For heating of homes and a picolot) 
buildings; home-indus- 
tries . 6 760 2,260 200 631,000 26 
Total 6,430 2,890 710 181,400 817,300 26 
Produced in Sweden 440 530 ae 8,800 817,300 26 
| Imported 5,990 | 2,360 710 | 172,600 
Coal equivalent of total . 6,430 2,890 1,140 950 3,250 13 14,670 


* Unless otherwise stated in the text, figures, or tables, avoirdupois 


understood. 


units of weight measurement are to be 


TIGERSCHIOLD : 


in 1939 are given in Table I., together with the coal 
equivalent of the different fuels; the dependence 
of Sweden upon the importation of fuel, owing to 
the smallness or expense of utilization of her own 
resources, is evident. 

On the other hand, Sweden has a great ad- 
vantage in her relatively large resources of water- 
power; the annual output of hydro-electric power 
since 1890 is shown graphically in Fig. 2. The total 
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Fic. 2.—Output and Estimated Resources of Hydro- 
Electric Power in Sweden. 


potential hydro-electric-power resources in Sweden 
have been estimated at 36,000 million kWh. 
Two-thirds of this amount could be developed at 
reasonable cost, but the remaining third will be 
more expensive to exploit and the last part of 
it may never be utilized. It has been much 
discussed how the curve shown in Fig. 2 will 
continue. If it should rise in the same way as 
hitherto, the best two-thirds of the water power 
will most likely be exploited before the year 1955. 
About that year the curve will most probably 
alter direction and more or less asymptotically 
approach the value of 36,000 million kWh. 
Reference will again be made to these problems 
later in the paper, but an account of the develop- 
ment and present structure of the Swedish iron 
and steel industry may be appropriate at this 
point. 

The total annual Swedish pig-iron production for 
the years 1900 to 1944, together with the percent- 
age of the total output contributed by different 
methods of manufacture, is shown in Fig. 3. The 
most remarkable fact is that the production of 
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coke pig iron has been raised to about the same 
amount as that of charcoal pig iron. The pro- 
duction of electric pig iron has not been increased 
since 1920, but now the output from the new 
Government-owned plant at Lulea will raise the 
production of electric pig iron by 60,000-90,000 
tons per annum. 


100 


% 


30+ 


SMOK8H:® ON 
~ . Ns ANY) 


L204; 
Le OGM 00000 
1900 19410 1940 44 


1920 1930 


Chorcoo/ PIGITON 
Coke ” a 
EBA Leectric 4 9 


Fic. 3.—Total Annual Production of Pig Iron (metric 
tons) in Sweden from 1900 to 1944 and production (per- 
centage of total) by different methods of manufacture. 


The production of steel ingots, castings, and 
wrought iron since 1860 and the output by 
different methods of present manufacture are 
shown in Fig. 4. The diagram is very interesting, 
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Fic. 4.—Total Annual Production of Ingots, Castings, and 
Wrought Iron (metric tons) in Sweden from 1860 to 
1942 and production (percentage of total) by different 
methods of manufacture. 


showing how the manufacture of wrought iron, © 
which was the dominating product in 1860, has 
diminished to almost zero in recent years. The 
production of acid Bessemer steel expanded 
rapidly from 1870 to 1890 but has since then 
dropped; it would appear, however, that a 
renaissance of this method will occur. The pro- 
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duction of Thomas (mild) steel has increased 
steadily and will increase still more. At first 
sight it looks as if the percentage of this produc- 
tion has diminished, but this is not in fact a 
true picture as about half of the Thomas metal 
produced to-day is transferred to the electric 
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Fie. 5.—Flow of Iron (thousands of metric tons) through 
Swedish Industry in 1937. 


furnaces for refining and is considered as electric 
steel in this diagram. Production from the basic 
open-hearth has grown steadily and at about the 
same pace as that of electric steel. 

The picture of the Swedish iron and _ steel 
industry for the two years 1937 and 1943 is given 
in an instructive form in Figs. 5 and 6. It is 
well known, however, that statistics for discon- 
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nected years are never very representative, and 
for that reason it is necessary to give average 
figures of the most important items for some 
of the years. 

In the years before the war the annual produc- 
tion of pig iron was about 600,000 tons, while the 
imports of coke pig iron amounted to 120,000 


tons. The export of charcoal pig iron was, on 
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Fic. 6.—Flow of Iron (thousands of metric tons) through 
Swedish Industry in 1944. 


the other hand, about 80,000 tons. The produc- 
tion of rolled iron and steel amounted to 700,000 
tons, of which quantity about 200,000 tons 
were exported. Swedish imports of commercial 
steel have varied; in 1937 they amounted to 
nearly 600,000 tons, but the average figure before 
the war was about 400,000 tons. During the 
war the situation changed completely. The 
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production of pig iron was raised to an average 
of 800,000 tons, while the import of pig iron pro- 
gressively dropped to about 15,000 tons and the 
export of pig iron amounted only to a few thousand 
tons. The production of rolled iron and steel was 
increased to slightly below 900,000 tons, while the 
export of quality steel decreased to about 100,000 
tons. The import of commercial steel also de- 
creased; in 1942 it was about 250,000 tons and 
in 1945 only 30,000 tons. 

The annual consumption of finished steel, which 
in the middle of the nineteen-thirties was about 
900,000 tons, increased to 1,000,000 tons in 1942, 
but dropped again (to about 800,000 tons) in 
1945. These figures show that although Sweden 
has been able to raise her production of steel 
from 700,000 to about 900,000 tons, this increase 
did not balance the decrease in imported steel, 
despite the fact that the exports of steel were 
reduced by 50%. There was (and still is) a con- 
siderable shortage of steel in Sweden, which 
shortage, as in most other countries during the 
war, has hit the building trade. Though the 
quantity of steel available for consumption in the 
first years of the war increased, the supply for 
civilian purposes was already at that time in- 
sufficient, because of the necessity of building 
up the military defence of the nation. ; 

It will be obvious that, to quite a large extent, 
the Swedish quality-steel industry was forced 
to change to the manufacture of commercial steel. 
The price of the latter product naturally had to 
be raised, as a great part of it had to be manu- 
factured from charcoal pig iron. To this, the 
high prices of wood used for open-hearth furnaces 
and reheating furnaces must be added. While 
the price of coal in Sweden before the war was 
about Kr.30* per ton, the price of the corre- 
sponding quantity of wood has been three or 
four times as high during the war. 


IJ.—TuHE PROVISION OF FUEL FOR THE — 
SweEpIsH IRON AND STEEL INDUSTRY DURING 
THE Wap. 


The increase of the production of the 
Swedish iron and steel works during the war, 
despite the continually decreasing supply of 
imported fuel, must be regarded as one of the 
greatest contributions made to the industry by 
Swedish engineers. As can be seen from Table 
T., the normal annual imports of coal and coke 
amounted to about 6 million and 2-4 million 
tons respectively; the consumption of coal in the 
Swedish iron and steel industry reached about 
600,000 tons in 1939. The State Commission for 
fuel supply during the war granted the iron and 
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steel industry the following percentages of its 
normal consumption of coal : 


Ist July, 1940—-30th June, 1941 67% 
Ist July, 1941-30th June, 1944 30% 
Ist July, 1944-31st Dec., 1944 PAE UG 
Ist Jan., 1945-30th June, 1945 165% 
Ist July, 1945- 3 Td% 


At the time of writing (January 1946), the 
ration is still at the low level of 7-5% of the 
normal consumption, but it is hoped soon to 
procure more coal from abroad, including Britain. 

The occupation of Norway by the Germans in 
1940 shut Sweden off completely from British 
and American sources of imports, necessitating 
the finding of substitutes for petrol and oil; at 
the same time Swedish imports of commercial 
steel, pig iron, and merchant scrap were cut down 
to a very low percentage of the pre-war figures. 
The re-adjustment of Swedish industry to permit 
the use of wood as the main source of fuel has 
been a gigantic feat of organization and technical 
ingenuity. 

The use of coke for domestic heating purposes 
was reduced to a small fraction of the pre-war 
quantity, what coke there was being reserved 
mainly for industrial purposes, especially for the 
coke blast-furnaces. All automobiles, trucks, and 
buses had to be driven by producer gas generated 
from wood and charcoal; in certain cases 
(especially in marine engines) wood-tar also was 
used as a motor fuel. Practically all of the 
steam locomotives went over to the use of wood 
or peat; fortunately the electrification of the 
railways had been already effected to quite a 
large extent before the war, and in recent years 
this work has been intensified. 

All the open-hearth furnaces, and the main part 
of the reheating furnaces for the rolling mills, had 
to use wood as fuel; many experiments had to be 
carried out and modifications of the plant made, 
before the technique of economically heating these 
furnaces with such low-grade fuel was mastered. 
It was found that preheating of the secondary air 
was a great help and that the so-called reversed 
combustion in the built-in producers of the heat- 
ing furnaces gave a higher flame temperature. 

By the autumn of 1945 the situation had 
become most difficult, and straw (from rye, oats, — 
and wheat) was introduced as a fuel in the iron 
and steel works. At one plant as much as 20% 
of the total fuel used consisted of pressed-straw 
bales, and an old blast-furnace was rebuilt as a 
gas producer, using this material as fuel; this 
producer is operated with hot blast, and slag is 
tapped off in the molten state. One open- 
hearth furnace and several reheating furnaces are 
still heated with gas from this source. 


* The monetary unit used throughout this paper is the Swedish Crown, or Krona (Kr.), the present (January 


1946) value of which is ls. 23d. 
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Often the most difficult problems were to 
transport the wood out of the forests and to get 
labour to cut the great quantities necessary. 
In order to get charcoal for automobiles, &c., 
a large number of kilns were erected, where the 
tar and other by-products were utilized and in 
some cases made into lubricants. The annual 
production of charcoal (before the war about 
290,000 tons) was raised to about 850,000 tons, 
of which amount about 350,000 tons were 
used in the blast-furnaces and 490,000 tons for 
the propulsion of automobiles, trucks, and buses. 
The quantity of wood used directly for the latter 
purpose was of about the same magnitude, 
reckoned in heat units. 

The achievement of the level of production 
attained and the maintenance of that production 
would have been impossible but for small imports 
of coke and coal from abroad, and for the fact 
that a great proportion of the wood intended for 
the pulp industry was available for use as fuel 
(the export of wood-pulp during the war naturally 
fell to a very low figure). 

Fortunately the water supply during the last 
three years was exceptionally good, so that a 
very high output of energy was obtained from 
the hydro-electric stations. Many electric steel 
furnaces and annealing furnaces were built during 
the war, but, owing to the shortage of graphite 
electrodes, hydro-electric power could not be 
utilized to the full extent in the steel furnaces. 


Fuel Economy in Swedish Blast-Furnaces. 


It is a well-known fact that the fuel consump- 
tion per ton of product in the blast-furnace 
diminishes as the iron content of the burden 
increases. The Swedish magnetite ores are easily 
concentrated, and it was found economical to use 
such concentrates in sintered form in the blast- 
furnaces in amounts of up to nearly 100% of 
the total ore burden. By this and other means 
it has been possible to reduce the charcoal con- 
sumption, which in 1900 was 25 ewt./ton (72 
hectolitres/metric ton), to an average of about 
15 ewt./ton (45 hectolitres/metric ton). At the 
same time the production from the blast-furnaces 
has been increased from an average of 4000 tons 
per unit per year to as much as 30,000 tons for 
the largest of the charcoal furnaces. 

The coke blast-furnaces have followed the same 
trend, with the result that to-day the distinction 
of producing iron with a coke consumption lower 
than anywhere else in the world is held by the 
Swedish blast-furnaces. At one plant making 
Thomas (basic) pig iron the coke consumption 
has been brought down to 13 cwt./ton (650 
kg./metric ton) of iron, the ore burden consisting 
exclusively of sintered concentrates. Because of 
the richness of the burden, the slag quantity is 


* Jernkontorets Annaler, 1945, vol. 129, pp. 383-446. 
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only 940 Ib./ton (420 kg./metric ton) of pig 
iron. The blast temperature is held at about 
1380° F. (750° C.). The furnaces in question 
are only 54 ft. 7 in. (16-5 m.) high, and the pro- 
duction is approximately 200 tons per day per 
furnace. 

A remarkable innovation is that at many 
Swedish blast-furnace plants to-day the main 
part of the limestone requirement of the burden 
is mixed with the ore concentrates before sintering. 
By this measure a saving of about 110 lb. (50 kg.) 
of coke per ton of pig iron has been obtained. 
This good result is also to a large extent attri- 
butable to the quality of the sinter now produced. 
The sinter must not be too hard-burned and its 
structure must be porous and similar to that of 
coke. If certain measures are taken it is possible 
to obtain quite a strong sinter (strength is also 
essential) and at the same time lower the con- 
sumption of coke fines in the sintering process. 
Formerly about 7% of coke fines were used per 
ton of sinter produced, but this figure has been 
brought down to about 4%. Another advantage 
is that, by the mixing of the limestone with the 
ore concentrates before sintering, the consump= 
tion of lime can be reduced. In Swedish coke 
blast-furnaces the amount of limestone required 
for addition to the ore burden has been in some 
cases brought down to about 11% of that burden. 
An excellent paper upon sinter production in 
Sweden has been written by Hessle;* Fig. 22 
of that paper shows the difference between the 
two kinds of sinter mentioned, one being very 
hard-burned and therefore difficult to reduce, 
while the other is porous, highly oxidized, and 
easily reducible. 

At any reconstruction of the blast-furnaces 
during the period of the war, opportunity was 
taken to increase the hearth diameter, but the 
bosh diameter was not altered, and the hearth- 
diameter/bosh-diameter ratio is often as low as 
1:15 or 1-20; this applies both to charcoal and 
coke blast-furnaces. 

Great care is taken to maintain a chemically 
uniform as well as physically uniform burden. 
Many experiments in the construction and 
operation of the charging gear have been made 
in order to get the correct distribution of coke 
and ore in the furnace. The great economies that 
can be effected by skilful mechanical maintenance, 
by precise control of the furnace as regards coke 
consumption, and by the production of a pig iron 
of uniform analysis, are really astonishing. 

As has already been mentioned, the fuel con- 
sumption in the charcoal furnaces has also been 
brought down to a very low figure. In the best 
furnaces a consumption of 13-14 ewt. (40 hecto- 
litres) of charcoal per ton of pig iron is expected 
when sintered ore is exclusively used and the 
(The Iron and Steel Institute, Translation No. 289.) 
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blast temperature is held at about 1110° F. 
(600° C.). 

The low coke and charcoal consumption in the 
Swedish blast-furnaces naturally results in a low 
heat value of the blast-furnace gas, this value 
being very often as low as 84 B.Th.U/cu.ft. 
(750 kg.cal./cu.m.). The quantity of gas naturally 
also decreases and in the best furnaces this 
quantity falls to about 78,000 cu. ft. (2200 cu. m.) 
per ton of pig iron. 

In~a country where fuel is expensive, it is 
very important that the blast-furnace gas be 
used economically and completely. For heating 
the blast, regenerative-brickwork hot-blast stoves 
are used at only two plants in Sweden. At 
all of the charcoal blast-furnaces, and at 
several of the coke blast-furnaces, metallic 
recuperators are used for preheating the blast. 
With metallic recuperators made from _heat- 
resisting steels it is possible to reach blast tem- 
peratures of 1290° F. (700° C.), and with the 
latest constructions possibly 1470° F. (800° C.). 
The metallic recuperators are cheaper to instal, 
but their maintenance costs are probably some- 
what higher than those for the firebrick stoves; 
the former have the great advantage of being very 
easy to maintain and they are working with the 
high thermal efficiency of about 70%. The con- 
struction of the Lindblom type of recuperator 
(manufactured at Sandviken) is shown in Fig. 7. 


este. es 
POEMS PEELE SLCC, 


Masugnsgas = Blast-furnace gas. 
Antaindningsluft = Combustion air. 
Kallblaster = Cold blast. 
Varmblaster = Hot blast. 


Fic. 7.—Lindblom-Type Air-Preheater. 


Practically all of the Swedish charcoal blast- 
furnaces to-day are using Lindblom-type re- 
cuperators for heating the blast. The heating 
element consists of a number (generally nine to 
twenty-four) of parallel double coils, made of heat- 
resisting steel, arranged as shown in Fig. 7. The 
blast-furnace gas is led through a burner to a 
combustion chamber placed over the heating 
elements; it then passes the heating coils on its 
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way to the stack. The cold blast is conducted 
into the preheater, first in parallel flow, but 
afterwards changing to counter current. This 
arrangement is of great advantage, as the hot 
combustion gases have to pass a screen of cold 
tubes before meeting the hottest part of the coils 
in counter current; the construction of the coils 
permits expansion. The apparatus has been 
built in sizes of from 1075 to 3230 sq. ft. (100 to 
300 sq. m.) of heating~surface. Generally, a 
heat-transmission factor of 2 B.Th.U./sq.ft./ 
hr./°F. (10 kg.cal./sq.m./hr./°C.) is obtained, 
which implies a mean _ heat-transmission by 
the tube surface of about 1500 B.Th.U./sq.ft. 
(4000 kg.cal./sq.m.) per hour. On the gas side 
the heat transmission is achieved by a combination 
of radiation and convection and on the air side, 
naturally, by convection only. The air velocity 
is kept at about 65 ft./sec. (20 m./sec.). If the 
blast temperature be kept below 1110° F. (600° 
C.), the life of the tubes, when they are made of 
a good heat-resisting steel, seems to be indefinite. 
At higher temperatures the hottest part of the 
coil will be deformed, resulting in the formation 
of cracks in the ‘tubes. 

In order to obtain a higher air temperature the 
Industrikemiska Aktiebolaget in Stockholm de- 
veloped a new superheater (INKA) for air, gas, 
or steam, consisting of vertically (or nearly 
vertically) arranged straight tubes for super- 
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Capacity. 


Cu.ft./br. 
650,000 
285,090 


heating the air (see Fig. 8). The tubes are fed 
from a ring main and discharged into a circular 
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collecting-tube, the latter being connected to the 
service main. 

The apparatus is heated by hot waste gases 
or, as is shown in Fig. 8, by means of a gas- 
burner, which is specially built for the purpose of 
obtaining a very rapid combustion of the fuel gas. 

The very hot gas (e.g., up to 3500° F. (1930° C.)) 
from the combustion chamber radiates part of 
its heat content to the vertical tubes. The hot- 
gas flow is, as far as possible, brought parallel to 
the vertical tubes and descends through the 
centre of the apparatus; hence the heating surface 
is very well protected against dust deposition 
and from the hot-gas flow. In fact, the heat 
transmission is normally effected to about 95- 
97% of its potential by radiation—and this is 
essential; the absence of convective heat trans- 
mission diminishes the danger of local super- 
heating of the tube material and, likewise, the 
deposition of dust. 

This apparatus, working with parallel flow 
which makes possible the attainment of a very 
uniform and very high tube temperature (up to 
1700° F. (930° C.) over the entire length of the 
tubes, allows the procurement of a high heat 
transmission—up to about 10,000 B.Th.U./sq.ft. 
(27,000 kg.cal./sq.m.) of tube surface per hour. 

To obtain a high thermal efficiency the heat of 
the flue gas from this apparatus must be utilized, 
preferably in an air-preheater—built on principles 
of convection—from which the preheated air at 
temperatures of about 750° F. (400° C.) can enter 
the INKA and be superheated there to the tem- 
perature desired. To-day, air temperatures of 
1500° F. (800° C.) are regularly being maintained 
by such apparatus in practice. This heating 
system allows a high degree of thermal efficiency 
to be attained and will probably be adapted for 
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use at the blast-furnaces, in combination with the 
Lindblom air-preheater already described. 

It ought to be mentioned that by the autumn 
of this year an INKA designed for the super- 
heating of steam up to a temperature of 1830° F. 
(1000° C.) will be available. 

Both types of air-preheaters described have also 
been used as recuperators for the reheating 
furnaces at the steelworks. In this connection 
another new piece of plant, the so-called fan 
preheater (made by A/B. Motalla Verkstad in 
Sweden), should be mentioned; this apparatus 
will be described later in the present paper. 

To return to the use of blast-furnace gas, in 
Sweden, as in most other countries, the surplus 
gas is usually used for heating purposes. At some 
places it is mixed with producer gas or with 
electric blast-furnace gas and used in the reheating 
furnaces at the rolling mills. In other cases it is 
used mainly for the raising of steam. 


Electric Pig-Iron Furnaces and Sponge-Iron 
Processes. 


In countries where electric power is cheap in 
comparison with blast-furnace coke, the electric 
pig-iron furnace has a definite place. The type 
mostly used in Sweden is the shaft furnace called 
the Electro-metals furnace, constructed by Messrs. 
Grénwall, Stalhane, and Lindblad; this furnace 
has been adequately described in the technical 
literature.* The Electro-metals furnace, however, 
has two disadvantages: It is not possible to build 
it in larger units than for a production of about 
50 tons per day, and it cannot be operated with 
coke exclusively as the reducing agent. If cer- 
tain limits in both these respects are exceeded, 
risks of explosions ensue. 

During and shortly before the war some electric 


TaBLe II.—Consumption of, and Costs for, Fuel and Electric Energy for Different Methods 


of Reduction of Sintered Rich Iron-Ore Concentrates. 


Pig Iron. 
Sponge Iron 
(Wiberg). 
Blast Furnace. Electric Furnace, 
Price of Material. 
Charcoal Coke Electro-metals Tysland-Hole 
Pig Iron. Pig Iron, Furnace. Furnace, Charcoal. 
ewt./ton. | Kr./ton. | cwt./ton. | Kr./ton. | cwt./ton.| Kr./ton. | ewt./ton. 
Charcoal : e 
Kr.88/ton (Kr.1-50/hl.f)  . 14 61.00 ao wes V7 34.00 
Coke: Kr.40/ton . (5 5 aoe en 14 28.00 aa re 
Coke breeze: Kr.30/ton : ner aes aoe ten 
Electric power : Kr.0-01/kWh. 2,200 22.00 
kWh. 
Electrodes: Kr.0-14/Ib. . ee 13 Ib 1.80 
Total: Kr. . 61.00 28.00 57.80 
Credit for blast-furnace gas. 5.00 5.00 6.00 
Total: Kr. . 56.00 23.00 51.80 


+ Hectolitre. 


* See, for instance, Clements, “ Blast-Furnace Practice,” vol. 3, p. 382. 


London, 1929: Ernest Benn, Ltd. 
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furnaces of the Tysland-Hole type were built 
in Sweden. This furnace was invented and 
developed in Norway (at Kristiana Spigerverk) 
and is now marketed by Norsk Elektrokemisk 
A/S. It is a low shaft furnace with three vertical 
electrodes (mostly of the continuous Sdéderberg 
type), and was described by Hole,* by Hole and 
Willners,f and by Cowes.t This type of furnace 
can be operated with coke as fuel. Hitherto the 
Tysland-Hole furnace has not been built for a 
greater production than 125 tons per day, but 
much larger furnaces of this type are now being 
constructed. A great advantage of the furnace 
is that up to 50% of the fuel used can consist of 
coke: breeze; on the other hand, the fuel con- 
sumption and also the power consumption are 
somewhat higher than for the Electro-metals 
furnaces. 

Fuel and power consumptions and costs for the 
different methods of reducing rich sintered con- 
centrates (including the Wiberg sponge-iron 
process) are given in Table II.; the price levels 
chosen correspond to future hopes, but, as the 
price of fuel may be higher than anticipated, 
the assumed total fuel costs for iron production 
have also been calculated, the assumptions used 
being that the price of fuel and electrodes will be 
50% higher than the corresponding figures in 
Table II., but that electric power will still be 
obtainable at the price there quoted (Kr.0-01/ 
kWh.), which will be the case for several years 
to come, in Northern Sweden at least. The 
assumed total fuel costs are : 


Price per Ton of 


Product, Kr. 

Blast-Furnace Pig Iron. 

Charcoal 84.00 

Coke 34.50 
Electric-Furnace Pig Iron. 

Electro-metals furnace (charcoal) 66.70 

Tysland-Hole furnace (coke) 51.60 
Sponge Iron (Wiberg). 

Charcoal 46.40 

Coke 22.40 


On both the assumptions mentioned it is evident 
that the sponge-iron process (when coke is used) 
will be the most economical method. The costs 
given for this product are calculated on the iron 
content. 

In comparing the sponge-iron process with the 
pig-iron process it should always be borne in mind 
that the melting and refining costs must be higher 
with sponge iron than with pig iron, especially 
when the latter is brought to the refining furnaces 
in a molten condition. 

A full-sized Wiberg furnace has been working 


* Jernkontorets Annaler, 1937, vol. 121, p. 667. 
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continuously for the past four years at Sdéderfors, 
with excellent results. The furnace belongs to 
Stora Kopparbergs Bergslags A/B., who have 
made a great contribution to the development 
of this process. Until now the only fuel used 
has been charcoal but, at the time of writing, 
experiments are about to start with coke as the 
reducing agent; the results of these experiments 
should be of the utmost interest. A description 
of the Wiberg process and the results obtained 
at Sdderfors have been published in a very 
interesting paper by Améen.§ 

A new method, also introduced by Wiberg, 
must be mentioned in this connection; in the 
near future, at the new Government-owned plant 
at Lulea, experiments in the use of pre-reduced 
ore will be started in the Tysland-Hole furnace. 
The gas from the furnace will be used for the pre- 
reduction of the sintered ore in a shaft furnace 
similar to the Wiberg sponge-iron furnace. In 
this way it seems possible to reduce the con- 
sumption of fuel and power by 20-30%, which will 
quite appreciably diminish the fuel and power costs 
of the electric pig-iron process. In using rich 
ores it might be advantageous to smelt the pre- 
reduced ore with charcoal or coke in an electric 
steel furnace, thereby producing steel directly 
instead of pig iron. 

The Héganaés sponge-iron process, which has 
been in continuous operation in Sweden since 
1911, is also of great interest. This method has 
three advantages: (i) Coke breeze or low-grade 
coal can be used as the reducing agent and fuel; 
(ii) it is not necessary to sinter the concentrates 
before use; (iii) the product obtained will be 
very pure, as no sulphur or any other contamina- 
tion will occur during the process. 

The disadvantages of the process are a high 
consumption of refractory material and higher 
building and labour costs than those for the 
Wiberg process. It is of great advantage to use 
the richest concentrates possible as raw material 
for the sponge-iron processes, as a high content 
of gangue in the sponge iron will result in higher 
melting costs in the steel furnaces. A description 
of the history and present state of development 
of the Héganis process has been given by 
Eketorp.|| 


Open-Hearth Furnaces, Gas Producers, and 
Reheating Furnaces. 


In the gas producers for the open-hearth 
furnaces it was generally not difficult to turn to 
wood as fuel. Provided that dry wood is ob- 
tainable and that the grate area of the gas 
producer is sufficient, there need be no difficulties 


+ Teknisk Tidskrift, 1939, vol. 69, (Feb. 11), Bergvetenskap No. 2, pp. 9, 11. 
{ Iron Age, 1942, vol. 150, (Dec. 3), p. 41; (Dec. 10), p. 50 


§ Jernkontorets Annaler, 1943, vol. 127, p. 277. 
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in maintaining production at the open-hearth 
furnaces. In some cases equipment for drying 
the wood by means of waste gases from the open- 
hearth furnaces was installed and, naturally, 
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Fic. 9.—Gas Producer with Two Gas Outlets. 


new arrangements had to be made for the transport 
and the charging of this much more voluminous 
fuel. 

Large installations also had to be made for 
cutting the wood into small pieces suitable for use 
in the gas producers; a size corresponding to 
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that of an ordinary match-box was found to be 
satisfactory. 

To a small extent, peat has also been used 
in the gas producers for the open-hearth fur- 
naces, with good results. The scarcity of coal 
and the high prices of wood and peat have forced 
upon the Swedish open-hearth operators the 
vital necessity of reducing fuel consumption ; 
in this they have succeeded, attaining coal 
consumptions as low as approximately 3:5 
ewt./ton (170-180 kg./metric ton) in 25-45-ton 
furnaces, using cold charges. To achieve such 
results, great care has to be taken in the control 
of the furnaces. 

At some plants the open-hearth furnaces are 
charged partly with molten pig iron and, at 
others, preblown Bessemer steel is used. Natur- 
ally, both these methods increase the production 
of the open-hearth furnace and reduce the fuel 
consumption. 

Waste-heat boilers for utilizing the heat in 
the waste gases from the open-hearth furnaces 
have been installed at one or two plants. Were 
coal prices lower, the building of waste-heat 
boilers in connection with open-hearth furnaces 
would scarcely be considered, because of the 
heavy erection costs; the subsequent price of 
steam would be too high. Waste-heat boilers are 
generally more economical when installed behind 
heating furnaces where the stack gases leave 
the furnace at a high temperature. In many 
other cases it has been found more economical to 
use air-preheaters, whereby a direct reduction of 
fuel consumption for the furnace itself is obtained. 

With regard to the heating of ingots and billets 
for the rolling mills, at some Swedish works hot 
stripping of the ingots is employed, as well as 
soaking pits. In the production of quality steel 
this method is not possible, as the ingots must be 
inspected and, very often, conditioned before 
rolling. : 

For the heating of billets and ingots, gas- 
fired furnaces are used more frequently, and at 
some works central gas-producing plants have 
been built. In this field a new construction, 
the principles of which are shown in Fig. 9, has 
been tried. In this producer, when working with 
good coal, about 40% of the gas is passed through 
the upper part of the shaft, while the remainder 
is taken out at the lower level. The latter gas 
has about the same composition as ordinary 
producer gas made from coke, and it leaves the 
producer at a temperature of 1110° F. (600° C.), 
while the gas coming from the upper outlet is 
very rich, containing as it does all the distillation 
products from the coal; this gas leaves the gas 
producer at about 190° F. (90° C.) and is :con- 
ducted through an electric gas-cleaning filter, 
where the tar is completely removed. The gas 
from the lower outlet is led only through a dust- 
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catcher, and finally both gases are mixed. The 
upper gas has a heat value of 180 B.Th.U./cu.ft. 
(1620 cal./cu.m.) and the lower gas a value of 
about 150 B.Th.U./cu.ft. (1350 cal./cu.m.). The 
mixture will have a a Ment of about 165 
B.Th.U. /cu.ft. (1480 cal./cu.m.) 

The yield “ tar generally amounts to about 
8% of the coal charged, and its quality is much 
higher than that of ordinary tar from gas pro- 
ducers; its viscosity being about the same as 
that of fuel- oul, this tar may very well be used 
for many heating purposes. 

Experiments with this type of gas producer 
were originally carried out at the works of 
Hoganiis-Billesholms A/B., and its use at steel 
plants has been brought forward at Degerfors. 
The producer was placed on the market by A/B. 
Motala Verkstad, who have also contributed to 
the development ‘of this construction. 
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has developed and described * the apparatus. 
At Bofors the stoker is operated in such a way 
that a hot producer gas is obtained, the gas 
being conducted into the furnace through burners 
made from refractory material; the construction 
of the stoker and of the hot-gas burner is shown 
in Fig. 10. The stoker-fired furnaces can also 
be much better controlled than directly fired 
furnaces. The automatic feeding makes it 
possible to use very large fuel hoppers over the 
stoker screws. At Bofors the coal is transported 
to the different units by endless belts running 
under the roofs of the buildings. A very high 
thermal efficiency can be obtained in stoker- 
fired furnaces, and no losses in tar, soot, or physical 
heat occur. 

During the war practically all of the heating 
furnaces in Sweden were provided with air- 
preheaters, generally of the Lindblom type 


=A | 


Fic. 10.—Stoker-Fired Reheating Furnace with Hot-Gas Burner. 


In the steelworks there are great advantages 
to be obtained from the centralization of the gas 
producers in relation to the furnaces, and from 
the use of a rich, clean gas. With centralization 
of the producers the transport of coal and ash 
from the different units is expedited. With 
clean gas no soot or tar is deposited in the gas 
tubes or burners, and the furnaces can be fired 
very regularly with the exact admixture of air 
necessary; perfectly smokeless combustion can 
be maintained, and the works can easily be kept 
very clean and tidy. Consequent upon the greater 
possibilities of exactly controlling the furnaces, 
a direct saving of fuel is also obtained. 

A new type of stoker, developed from an 
originally French type made by Svenska Jarn- 
vagsverkstaderna at Linképing, is now competing 
with the centralized gas-producer system just 
described. This stoker was reconstructed for 
the use of wood by Nils Ericsson (at Bofors), who 


already mentioned, though other types of steel 
recuperators were also installed. 

A quite new type of air-preheater, called the 
fan preheater, has been constructed by Vannérus 
at A/B. Motala Verkstad. The construction of 
this preheater is rather complicated, and perhaps 
the illustration (Fig. 11) will not give a clear 
view of it. The heating surface of the fan pre- 
heater consists of a number of annular plates 
placed at right angles to the shaft. The plates 
are so arranged that the air coming’in at one end 
of the rotor passes through every alternate spacing 
between the plates, the gas which comes in at 
the opposite end of the rotor passing through the 
other alternate spacings; each plate is thus in 
contact on one side with air and on the other with 
flue gas. The plates being placed at right angles 
to the rotating shaft, a high velocity in relation 
to the lagging air and gas is imparted to them 
and, because of these circumstances, an excep- 


* Jernkontorets Annaler, 1944, vol. 128, p. 29. 
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tionally high transmission of heat is obtained. 
Simultaneously, the air- and gas-carrying action 
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Fia. 11.—The Motala Fan Preheater. 


of the plates (arising through the motion friction) 
is converted into useful fan work. This pre- 
heater has, so far, been used up to temperatures 
of only 750° F. (400° C.), but apparatus for higher 
temperatures are being constructed. A _ great 
advantage of the fan preheater is that it combines 
in a single compact machine an air-preheater 
with a waste-gas fan and a fan for preheated 
combustion air. On account of their great velocity 
the heating surfaces are not covered with soot, 
and thus a good transmission of heat is facilitated. 
The construction has frequently been used for pre- 
heating air for steam boilers, and also for heating 
furnaces. 


IlJ.—FururEe PROSPECTS OF THE SWEDISH 
TRon AND STEEL INDUSTRY. 


‘ 


In a country like Sweden, where the cost of 
fuel must always be high in comparison with 
that in large iron-producing countries, it is 
essential that everything possible be done to 
keep the fuel consumption down to a minimum; 
in this respect lessons have been learned during 
the war which will be of the greatest importance 
in the future. The necessity of fuel economy has 
long been realized by Swedish metallurgists, but 
the conditions experienced during the war made it 
clearer than ever that the predominant factor in the 
very existence of the native iron and steel industry 
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will be the fuel problem. It is obvious that the 
radical changes in equipment and methods that 
have been necessary in the Swedish iron and steel 
industry during the war must inspire and ac- 
celerate plans for the future development of 
that industry. As mentioned before, the natural 
advantages possessed by Sweden consist of the 
large resources of pure iron ore, which can be 
concentrated into a product containing nearly 
100% of iron oxides, and of the relatively great 
supplies of hydro-electric power available; special 
methods must be applied to utilize these ad- 
vantages to the full. 

With regard to the production of quality steel, 
it may well be a question of a relatively short 
time before it will be economically impossible to 
use charcoal as a fuel for the production of pig 
iron. 

The personal opinion of the author is that 
within a few years many quality-steel works will 
change partly or completely from charcoal pig 
iron to sponge iron as a basis for their production. 
To-day, very interesting and comprehensive ex- 
periments are being made to find the best methods 
for using a high percentage of sponge iron in 
the acid open-hearth furnaces. In the electric 
steel furnaces the problem has already been solved 
and at Séderfors, where the steel is exclusively 
made in electric furnaces, the basis for the 
production is 100° sponge iron. 

The “‘trend curves”? for the production and 
consumption of steel in Sweden show that, 
within 15 or 20 years, the country ought to be 
self-supporting in commercial steel also. This 
would mean quite a rapid development of the 
commercial steel works, and it is of great im- 
portance that the right methods should be used 
in extensions of existing plants and at the new - 
plants necessary. 

Swedish metallurgists believe that sponge-iron 
methods would hardly be economical for the 
production of commercial steel, and it is most likely 
that more coke blast furnaces will be built. As 
mentioned before, the fuel consumption in these 
furnaces can be kept very low if rich sintered 
concentrates are used exclusively. 

If the world market price of scrap should 
decrease in relation to the price of pig iron, the 
basic open-hearth process will naturally justify 
its position, even to a larger extent than it does 
to-day. The methods used in England, where 
open-hearth furnaces are run with a high per- 
centage of molten pig iron, will hardly be utilized 
in Sweden. Most likely, a considerable part of 
the future Swedish commercial steel production 
will come from Thomas and Bessemer furnaces. 

The “R.K.” process for the production of 
decarburized granulated pig iron, invented by 
Kalling and Rennerfelt,* has been tried at several 


* See Journal of The Iron and Steel Institute, 1939, No. It., Dalolers 
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works during the war, with very good results. At 
one plant “ R.K.” furnaces designed for an annual 
production of 75,000 tons will be installed, and at 
many places the “ R.K.”’ furnaces will no doubt 
compete with Thomas and Bessemer furnaces. 

Many electric steel furnaces, also for the pro- 
duction of commercial steels of high quality, are 
planned or are already being built in Swedish 
steel plants; this type of furnace has been found 
to be very useful for refining liquid Thomas or 
Bessemer steels. 

Throughout the war a great deal of work has 
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been done in the modernization of the Swedish 
steel plants. Several new rolling mills have been 
built or are in process of building and special stress 
has been laid upon the modernization of transport 
arrangements in the plants. 

Much effort has also been spent on the develop- 
ment and control of steel quality. A large number 
of new laboratories have been built, and co- 
operative research never flourished so much, nor 
showed itself so useful, as it did during this last 
world war. We have good hopes for the future 
in every respect. 


[This paper was discussed jointly with the following two by C. Hulse and R. J. Sarjant on ‘‘ Problems in Fuel Efficiency ”’ 
and by N. H. Turner and F. A. Gray on ‘‘ Fuel Utilization in Iron and Steel Works.’’] 
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PROBLEMS IN FUEL EFFICIENCY.* 
By C. HULSE, B.Sc., anp R. J. SARJANT, D.Sc. (Messrs. Haprreups, LTp., SHEFFIELD). 


SYNOPSIS. 


Problems in fuel efficiency relating to works where processes may be specialized are discussed in relation 
to the bearing of fuel selection on efficiency, developments in furnace design and construction, methods of 


fuel saving in individual works, education, and research. 


future development are suggested. 


I.— INTRODUCTION. 


TuE objects of this paper are to review the present 
position of some of the problems relating to the 
efficient use of fuel in the iron and steel industry, 
and to indicate possible solutions and lines of 
approach for future developments. 

In many respects the present position in regard 
to post-war coal utilization includes features 
which are a repetition of the situation existing 
at the end of the 1914-1918 War. Then, as now, 
there was a rude awakening to the necessity for the 
conservation of the fuel resources of the country, 
and steps were undertaken to remedy the state 
of affairs. The setting-up of the Fuel Research 
Board and, through that body, the undertaking of 
scientific surveys of the coalfields and of industrial 
developments were among the measures embarked 
upon; the survey of industry was the occasion 
for the first systematic investigation into the 
question of fuel economy on an industrial scale. 
At the same time an impetus was given to the 
scientific study of plant design, a statement which 
may give rise to controversy. One of the authors 
made his first acquaintance with the iron and steel 
industry as a result of the campaign then waged. 

The question of coal utilization has come to 
the fore yet again, not solely as a question of 
conservation but rather as a matter of the sheer 
necessity of making existing supplies go round. 
Yet again has the admonition been raised that 
there is a crying need for the application of existing 
knowledge, rather than for the further elucidation 
of the scientific principles involved; this was the 

plea made by W. A. Bone, an earnest advocate of 
conservation in the former campaign. Again the 
technical resources of the country have been 
mobilized with the object of obtaining the more 
efficient use of fuel, and the question now arises as 
to how the lessons learned during the war can be 
utilized to ensure not only that no further danger 
of lack of supplies can arise, but also that the object 
of conservation may be fully attained. A serious 


The present position is reviewed and lines of 


economic feature now also presents itself, namely, 
the important part that indigenous fuel must play 
in the nation’s struggle for export trade. 

The problems discussed in this paper relate 
to works where processes may be somewhat 
specialized and where there has been in the past 
a free selection of the most suitable fuel for a 
specific purpose, according to its availability and 
economy of utilization. They do not necessarily 
apply to works of the fully integrated type, 
where the sole use of coal is limited to the coke 
ovens and where the secondary needs for heat and 
power are satisfied by the available supplies of 
by-product (blast-furnace and coke-oven) gases. 

For the purposes of this presentation, the prob- 
lems may be classified as follows: (i) Those dealing 
essentially with the fuel and the means taken for 
its efficient combustion; (ii) those relating to 
plant design and the mode of heat transference 
to the medium being heated; (iii) those mainly 
associated either with organization or with 
technique. In this last section special pro- 
minence is given to the need for plant surveys 
with suitable instruments, and for the necessary 
organization and education to ensure the applica- 
tion of existing knowledge among the many, 
rather than to rely on spectacular advances by a 
few. Finally, some of the wider problems of 
research involved are briefly considered from the 
angle of suggestion. 


& 


IJ.—Tue Brarine or FuEL SELECTION ON 
EFFICIENCY. 


Much controversy has raged round the question 
of the price structures of fuel for different purposes ; 
this problem stands out as a national one and 
demands the earliest possible attention. Availa- 
bility of any type of fuel is mainly a local question, 
and little can be done in the present circumstances 
of restricted supply to obtain the ideal fuel for a 
specific purpose. Many works had during the 
years before the war worked out their own 


* Received February 11, 1946. 
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salvation in this respect, but war conditions have 
since interrupted such selection to a considerable 
extent. The works with which the authors are 
associated had for many years utilized a method of 
evaluating coals for industrial uses on a thermal 
basis, in which the ascertained calorific value on a 
basis of unit cost was adjusted for various opera- 
tional factors; the result was that an “‘ industrial 
value ”’ of the fuel was determined. In the case of 
coal these factors had reference to ash content, 
clinkering characteristics of ash, and swelling 
character, while in the case of coke much impor- 
tance was attached to the significance of the drop 
test, which had been found to give the best 
criterion of a hot-melting coke for cupola practice. 
In recent years, however, the problem has been to 
apply a much wider range of fuels (usually of an 
inferior character) to uses to which a particular 
selected fuel had previously been applied. How 
far it is desirable in the national interest and on 
technical grounds to revert to a free selection of 
suitable fuel is a point which might well be given 
consideration. 


Coal. 


Coal is still the cheapest available source of heat 
for industrial purposes and probably will remain 
so for many years to come. In furnace practice, 
however, the cost of the heat unit must be con- 
sidered, not at the point at which the fuel 
is burned but where it enters the material 
being heated. In this respect the questions of 
thermal efficiency, ease of control, labour, main- 
tenance, and transport of fuel and ash require to 
be considered. When these factors are taken 
into account the pre-eminent position of raw coal 
becomes seriously challenged by gaseous fuels and 
even, in some cases, by electricity. These chal- 
lenges become all the more real when the questions 
of quality of heating and of convenience of 
operation are considered. 

In certain cases (e.g., a furnace used only at 
infrequent intervals) economic considerations may 
actually favour the continuance of a wasteful 
method of firing on the grounds that further 
capital expenditure is unjustified; even where 
the situation would warrant replacement by a 
more modern unit other factors might delay the 
change-over. The cautious industrialist cannot 
be blamed in these days if he elects to continue 
with the use of a fuel of which he has been receiving 
reasonably regular supplies, rather than tie up his 
capital in plant requiring a grade of fuel which 
might later prove difficult or impossible to obtain. 
Such conditions have favoured the retention of the 
practice of hand-firing on grates. 


Hand-Firing on Grates. 


The greatest disadvantage of this type of firing, 
compared with other means, lies in the lack of 
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control over combustion. At a given rate of 
input of primary air the secondary-air require- 
ments vary continuously during each firing period, 
resulting in wide variations in the composition of 
the furnace atmosphere. This is not only wasteful 
in fuel but, in certain types of operations (par- 
ticularly at high temperatures or if the sulphur 
content of the coal is high) the variations may 
lead to heavy scaling of the charge. As has been 
shown by various workers,'** the degree of 
scaling increases rapidly with increasing oxygen 


Period /. 


Period 2. 


H 0, 
Excess air, %. 


CO,, CO, and Oz, %. 
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Fie. 1.—Variations in Composition of Furnace Atmo- 
sphere of Hand-Fired Furnace. (Periods 1 and 2 
relate respectively to firing periods during the early 
and latter stages of heating-up from cold.) 


content of the furnace gases, and considerable 
scaling may be produced by sulphur dioxide, even 
in reducing atmospheres. 

A further complication with which the operator 
of a hand-fired furnace has to contend is that as 
the furnace temperature rises the draught at the 
stack increases. This applies equally to all types 
of natural-draught furnaces, but when this variable 
is added to the cyclic variations of each firing 
period, the task of maintaining constant combus- 
tion conditions becomes well-nigh impracticable 
for modern standards of heating requirements. 
By proper attention to the design of the com- 
bustion chamber and by using one of the proved 
methods of firing (combined with good firing 
technique) it is possible to achieve a certain degree 
of uniformity, but even under the best conditions 
quite serious variations may occur. 

An illustration of the type of result which may 
be expected when conditions are not of the best is 
given in Fig. 1. This shows the variations in 
composition of the furnace gases observed through- 
out two firing periods during the heating from 
cold of a batch-type heat-treatment furnace. 
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The first set of curves relate to a period during the 
initial stages of the heat, when the furnace and 
charge were still relatively cold, and the second to 
a period when the furnace was nearly up to 
temperature. It will be seen that wide variations 
occur in both cases, the conditions ranging from 
strongly reducing to strongly oxidizing. Thus, 
the extreme values recorded in the first set of 
curves were, on the one hand, nearly 10°, of CO 
and, on the other hand, 9°% of oxygen, the latter cor- 
responding to about 76° excess air. Comparison 
of the two sets of curves reveals that the point 
in the cycle corresponding to 25 min. after 
firing in period 1 is reached in the case of the 
second period in only 4 min., and that the rate 
of increase in the excess air is much more rapid 
in the second case. As the rate of supply of 
primary air was similar in the two cases (if any- 
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1-45, the position in the band being apparently 
dependent upon the time after firing. There 
would seem to be a case for further work along 
these lines, including additional factors, such 


as the type and size of coal and the depth of the 
bed. 


Mechanical Stoking. 


Most of the disadvantages associated with the 
firing of raw coal are mitigated by the use of 
mechanical stoking. As the fuel is fed continu- 
ously into the combustion chamber, the primary 
and secondary air are both capable of correct 
adjustment and may be made to follow variations 
in the rate of fuel feed as governed by the load 
requirements. The readiness with which mechani- 
cal-stoking appliances may be adapted to auto- 
matic control is a further point in their favour. 


TaBLE I.—Combustion Conditions in Stoker-Fired Furnace. 


Furnace Atmosphere. 


Furnace Conditions. 


Composition, %. Volatile 


Unburnt 


Heating-up cold charge; smoky flame 
Heating-up cold charge; flame more smoky 
Soaking heat; slightly smoky flame 


thing being slightly less in the second) it is apparent 
that, apart from any slight differences in the 
conditions of the fuel bed, in period 2 the duration 
of the evolution of the volatile matter was much 
shorter, owing to the higher temperature of the 
firebox and furnace generally, and the amount of 
secondary air drawn into the furnace was much 
greater, also because of the higher temperature of 
the furnace system. 


Firebar Design. 


As it would appear that hand-firing must remain 
as a practical technique for some time yet, the 
problem of grate design, particularly of the bars, 
still remains; the authors consider that finality 
has not yet been reached in this question. Little 
is known of the laws governing the conditions of 
flow inside a bed of burning coal, and present 
grate designs are largely based on trial and error. 
In the case of one particular design and for the 
same type of coal it was found that an expression 
of the type: 

12 seqQlile 

where P = pressure drop (in. W.G.), 

F = air flow (cu. ft./min./sq. ft. of grate area), 
and n and ¢ are constants, 
gave a partial correlation. When P and F were 


plotted logarithmically all the points fell on a 
band which gave a value for n of approximately 


ih Combustibles, 
° 
re 


Negligible excess. 
Slight deficiency. 
Negligible excess. 


Typical combustion conditions which were 
obtained during tests at two similar rolling-mill 
reheating furnaces, one fitted with an underfeed- 
type mechanical stoker and the other hand-fired, 
are contrasted in Tables I. and IT. 


TasLE II.—Combustion Conditions in Hand- 
Fired Furnace. 


Furnace Conditions. 


Average; immediately after firing. 


Deficiency to 
20% excess. 


| After raking fires during period when 60-80% 
flame was coming over the bridge. excess. 
During periods when the fire had | 100-150% 


burned down and the furnace 
ids: chamber was clear. 


excess. 


The bearing of such differences as those illus- 
trated in Tables I. and II. on the question of fuel 
economy, as well as on that of loss of steel due 
to scaling, will be readily appreciated. Never- 
theless, in spite of the advantages shown in these 
tables to be possessed by mechanical firing, and 
keeping in mind the other obvious superiorities 
of this system, there is still considerable room for 
improvement both in the design and the per- 
formance of mechanical-firing appliances. The 
demands made by metallurgical furnaces are 
much more stringent than those encountered in 
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boiler practice, in which field the technique of 
mechanical stoking found its first ready success. 
Considerable flexibility is required, and sometimes 
load conditions may render desirable the reduction 
of the rate of fuel feed below that at which burning- 
back of the fuel, or damage to mechanical parts 
owing to radiation from the combustion-chamber 
refractories, may take place. Another point in 
this connection is that combustion-chamber 
temperatures are necessarily higher in furnace 
practice than in boiler practice for the same 
size of stoker. In such cases the costs, either 
of fuel or of maintenance, are bound to be higher 
than is desirable. 

In many existing installations economy could 
probably be effected by attention to points of 
detail. This was exemplified in a recent test of the 
rolling-mill furnace already mentioned in connec- 
tion with Table I., in which it was found that, 
although at suitable rates of output a fuel consump- 
tion of less than 2 cwt. per ton of product was 
attained, the degree to which the rate of fuel feed 
could be varied was insufficient to meet all types 
of demand. In actual fact only three rates of fuel 
input were possible, amounting to 35, 60, and 
100% of the full load. In such cases as this 
considerable savings may be achieved by small 
mechanical modifications of the controls to give 
greater flexibility, and by ensuring that the air- 
valve settings corresponding to the different rates 
of fuel feed are clearly marked and properly set. 


Pulverized Fuel. 


Up to the commencement of the war great 
strides had been made in the use of pulverized 
_coal for furnace firing. The modern remote- 
control bin-and-feeder system and unit pulverizers 
are both capable of giving a degree of flexibility 
of control which approaches that attainable by 
the use of gaseous fuels, and the more recent 
designs of pulverizing equipment have achieved a 
standard of reliability in providing a product 
of uniform fineness adequate for most furnace 
purposes. As with gaseous fuels the burners 
may be disposed in a manner designed to give as 
rapid a rate of heating as is consistent with the 
limitations imposed by the nature of the 
material to be heated, and to assist in the ready 
attainment of temperature uniformity. 

On the other hand pulverized-fuel installations 
necessitate both careful design and subsequent 
rigid control if the troubles associated with their 
use are to be avoided. The worst of these troubles 
is probably that of fluctuations in the rate of fuel 
feed. These may be due to irregularities in the 
pipe-lines or to too high a moisture content in the 
coal, and may lead to actual blockage. For this 
reason it is essential that the moisture content of 
the coal going to the pulverizers should be kept 
below a very low upper limit, and it may be 
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necessary to instal some form of coal drier. High 
rates of output and efficiency are obtainable even 
with coals of high ash content; indeed, the use of 
pulverized coal as a boiler fuel was originally 
adopted partly with a view to the utilization of 
low-grade fuels. The marked progress in Ameri- 
can pulverized-fuel practice can be ascribed to the 
existence of a relatively high ash content in many 
American coals. In furnace practice it is usually 
desirable to keep the ash content as low as possible 
as, even with moderate ash contents, flue deposits 
build up all too quickly, and it is inevitable that 
finely divided coal ash should become a strong 
fluxing agent on brickwork, particularly at high 
temperatures. The authors have experienced 
cases in which the ash from powdered coal has 
been sintered solid in the off-take flues, owing to 
irregular combustion conditions arising from 
choking of the feed mains and the resulting 
fluctuations in the rate of coal feed. It is owing 
to the fine ash carried over by the waste gases 
that waste-heat recovery is not generally practised 
in conjunction with powdered-coal firing, and the 
practical difficulties to be overcome in this con- 
nection are most formidable. A further problem 
in connection with this method of firing, particu- 
larly in the case of large installations, is that of 
atmospheric pollution from the emission of grit, 
the prevention of which demands auxiliary grit- 
arresting plant. 


Coke. 


Were it not for the fact that the price per therm 
compares so unfavourably with that of coal, the 
use of coke for furnace heating would be even 
more widespread than is the case at present. As 
coke consists essentially of carbon (together with 
impurities in the form of ash) the disabilities 
associated with the cyclic variations in the 
secondary-air requirements in the case of coal do 
not apply. Provided that the grates are main- 
tained in good condition and a firing system is 
adopted which will maintain a uniform fire, good 
control of combustion conditions and of the 
composition of the furnace atmosphere is practi- 
cable. 

Coke is widely used in foundry practice of all 
kinds, though even in this application it is to-day 
being replaced to some extent by gaseous fuels. 
For many years it has found a ready application 
in built-in producers (by means of which the 
sensible heat in the producer gas may be utilized) 
and in suction units used primarily for power 
production by means of gas engines. More 
recently, however, there has been a marked trend © 
for the submission of coke to gasification in cen- 
trally situated units. These units are usually 
associated with a wet-cleaning plant, and the 
cleaned gas is boosted to a pressure of about 2 
lb./sq. in. for distribution. 
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Gaseous Fuels. 


Clean gaseous fuels are almost ideal in respect 
of ease of control of combustion, the degree to 
which the type and nature of the flame may be 
varied, and the readiness with which they lend 
themselves to automatic control. These and 
other features, together with the fact that burners 
of suitable type may be placed in such positions 
with respect to the charge as will enable rapid 
and uniform heating to be obtained, give the 
furnace designer greater scope in the matter of 
mechanization, waste-heat recovery, and the use 
of special designs to suit particular requirements. 
It is significant that most (if not all) of the more 
fundamental changes in furnace design which have 
taken place in recent years have been associated 
with the use of gaseous fuels or of electricity. 

By means of equipment of a special type, utiliz- 
ing the principle of surface combustion, exceedingly 
high rates of heat release may be obtained and 
there would seem to be scope in this country for 
the more extensive use of this form of heating, 
which in America is now finding increasing 
application, with almost phenomenal results. 

In regard to rates of heating in furnaces, 
experience with the type of burner mentioned has 
shown that much higher rates of heating are 
practicable with metals than had hitherto been 
thought to be the case. This has been shown also 
by a recent paper,* in which it was demonstrated 
that the practicable rates of heating of steel (in so 
far as no disturbing metallurgical requirement 
may limit those rates) are higher than had been 
realized, provided that the heating is uniform on 
all sides of the material being heated; this last 


circumstance determines in many cases the heating » 


times required. In practice it would appear 
that the principal factor governing the soaking 
time required to attain temperature uniformity is 
the limitation imposed by the furnace, and 
particularly by a cold hearth, and not the thermal 
characteristics of the material being heated. In 
so far as progress may be made towards over- 
coming the disabilities indicated, the use of either 
gas or electricity, preferably in combination with 
mechanisms which may move the charge, would 
appear to be necessary. 

A modern means of attaining better uniformity 
of temperature in a furnace chamber is the use of 
the so-called diffusion burner, in which the gas 
and air are projected into the furnace in a number 
of parallel streams which slowly diffuse and give 
a long flame. Another method of obtaining slow 
admixture of gas and air was applied in the 
Chantraine furnace ; this type of furnace has been 
in use for many years. In this case the gas is 
admitted to the furnace chamber either through a 
port at the end of the furnace or at a number of 
points along its length, at a level just above the 
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hearth; the object of the latter modification is to 
reduce the incidence of scaling by the provision of a 
rich gas in proximity to the charge. The air is 
admitted through a series of ports in a false crown. 
Success in attaining the objects sought has been 
claimed both for the diffusion burner and the 
Chantraine furnace. 

Fundamental research into the combustion of 
inflammable gases in both aerated and non-aerated 
burners has been undertaken by Professor D. 'T. A. 
Townend and his colleagues at Leeds University. 
The work so far published * ® has been concerned 
with the measurement of flame velocity and the 
mechanism of the phenomena of light-back and 
blow-off. In light-back the gas velocity at points 
nearest the periphery of the burner throat, and 
the character of the dead space, would appear to 
be of importance. In aerated flames the tendency 
for the flame to blow off decreases as the burner 
diameter increases, and double-cone flames are 
progressively more stable as the proportion of the 
gas in the mixture is increased. The publication 
of the results of further work along these lines, 
which work should be capable of putting burner 
design on a scientific footing, will be awaited with 
interest. 

The national position with regard to coking 
coals gives one furiously to think how the problem 
may be approached from the standpoint of the 
industrial user of gaseous fuel in the future. Un- 
doubtedly the gas industry may be able to help by 
extending the range of coals which may be 
economically gasified in retorts; also it may be 
necessary to practise total gasification on a larger 
scale than at present. In this connection the 
question of water supply for cleaning the gas and 
for the subsequent removal of undesirable im- 
purities from the effluent offers a problem of some 
magnitude; the alternative use of electrostatic 
cleaning provides a promising future line of 
approach to this question. A further distribution 
problem is associated with the high pressures and 
the large-diameter pipes required to distribute 
gases of low calorific value. In certain circum- 
stances, depending largely on economic considera- 
tions relating to the size of the units, it may 
be necessary to locate the production unit adjacent 
to the works. On the other hand the case may 
be cited? of the use of Mond gas in South 
Staffordshire, where gas of a calorific value of 
160 B.Th.U./cu. ft. is supplied at a distribution 
pressure of 7 lb./sq. in. to works scattered over an 
area of approximately 100 sq. miles; this system 
has now been operating for many years. 


Coke Producer Gas. 


Mention has already been made of coke pro- 
ducer gas; in specific uses this forms a practicable 
substitute for town’s gas, over which it has some 
advantage in the heating of metals in respect of its 
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low flame intensity. The following information 
relates to the cleaning and purification of coke 
producer gas in the case of two recently installed 
plants with a total capacity of approximately 
1 million cu. ft./hr. The cleaned gas was distri- 
buted in mains which formerly carried town’s 
gas; it was necessary, therefore, to ensure that 
no possibility of choking could arise. To this 
end oxide scrubbers were used, of which the main 
function was that of a filter rather than a 
desulphurizing unit. It was found in practice 
that, as well as providing a gas of which the dust 
content was less than 1 grain/100 cu. ft., the 
wet-cleaning system and oxide boxes reduced the 
sulphur content of the gas from a range of 85- 
105 to a range of 20-60 grains/100 cu. ft. Thirty 
per cent of the sulphur removal was accomplished 
in the washery, where soda ash was used in a closed 
circulating system with settling tanks, and 25% 
in the relatively small oxide boxes. After three 
years of working, the only corrosion trouble 
experienced in the whole unit, from producers to 
boosters, has been in the elbow at the point of 
entry of the downtake carrying the hot raw gas to 
the cooling tower. This freedom from corrosion 
is ascribed to the addition of soda ash to the 
circulating wash-water, the pH value being kept 
at about 7-5. The point at which corrosion took 
place was conducive to the formation of an almost 
stagnant film of water containing a relatively high 
concentration of sulphur dioxide absorbed from 
the gas. 

A second plant was of similar type, but in this 
case the bulk of the sulphur was required to be 
removed. Accordingly, larger oxide boxes were 
installed. A system of rotation of the order in 
which the gas passed through the boxes was used 
in which partial revivification of the oxide could 
take place in situ. As a result a high standard 
was attained, both of desulphurization and of the 
duration of the period before it became necessary 
to change the oxide in the boxes. 

A considerable amount of investigation has 
been undertaken in connection with these units 
with regard to the question of sulphur balance. 
Various methods of sulphur determination have 
been employed, ranging from the use of the gas 
referees’ apparatus to absorption in solutions of 
cadmium chloride, silver nitrate, or bromine, 
followed by volumetric or gravimetric analysis, but 
finality has not yet been reached on this question. 
The bulk of the sulphur in the gas is undoubtedly 
in the form of hydrogen sulphide ; varying amounts 
of sulphur dioxide have also been observed, from 
a trace to about 15 grains/100 cu. ft. of gas 
obtained from cokes containing 1—-1-5°% of sulphur. 
An appreciation of the conditions in the producer 
which determine the proportion of sulphur dioxide 
present in the gas is of importance when con- 
sidered in the light of the extremely corrosive 
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nature of this constituent in the presence of 
moisture; this consideration necessitates suitable 
steps being taken to protect the various units in 
the cleaning and distributing systems. In this 
field there is need for further investigation. 

The results of a study of the effect on gas quality 
of variations in the proportion of steam in the 
blast supplied to the producers are of interest. A 
comparatively large number of determinations of 
the calorific value of the gas were made at different 
blast-saturation temperatures by means of a Boys 
calorimeter; an analysis of the values obtained 
is illustrated in Fig. 2. It is well known that 


gt 7/3 

AS 

os. 

re 

ye 132 

gq 

og 

e232 : 

REO S75: 56 57 58 59 JO s// 
3S Blast saturation temperature, °C. 


Fic. 2,—Variation in Calorifie Value of Coke Producer 
Gas with Blast-Saturation Temperature. (The figures 
beside each point indicate the number of observations 
available for computation of the mean calorific values 
corresponding to the various temperatures.) 


over the range of values normally employed the 
calorific value of producer gas tends to fall as the 
blast-saturation temperature is increased, but the 
occurrence of an optimum value (such as may be 
seen in Fig. 2) is not fully appreciated. It is 
thought that the cause of the decrease in calorific 
value as the saturation temperature is lowered 
below 57° C. may be due to the formation of 
clinker interfering with the uniform working of 
the producers. 

With regard to the working temperatures 
attainable by the use of coke producer gas, these 
naturally depend on the degree of preheat 
employed in the case of both the gas and the air. 
Temperatures of well over 1200° C. could be readily 
obtained by using the raw gas at a temperature 
of approximately 250° C. with air preheated to 
350°C. When cold, cleaned gas was used with air, 
again at a temperature of 350° C., in a furnace 
which had been originally designed to burn town’s 
gas, a temperature of only 1125° C. was practicable 
with burners giving a good standard of flame 
admixture, but no special degree of intensity of 
air/gas mixing. No difficulty has been experienced 


in attaining temperatures of up to 1200° C. when 


using the cold gas in a furnace equipped with 
regenerators for preheating the air. 

Although the highly toxic nature of carbon 
monoxide gas is well known to those familiar with 
blast-furnace practice, it may happen that gas 
plants of this type might be installed in works 
where the operatives are unaccustomed to it. In 
such cases, particularly where high pressures are 
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employed, special safety precautions and frequent 
testing for leakages are necessary. The palladium 
chloride technique § for the estimation of carbon 
monoxide concentration has been found to be 
useful in this respect. 


Lnqud Fuels. 


Liquid fuels combine some of the advantages of 
gaseous fuels with a number of the disadvantages 
of coal and coke. Burner design has reached a 
stage whereby a sufficient degree of uniform 
atomization may be obtained to ensure complete 
combustion without the use of excess air. By 
suitable placing of the stock in the furnace to 
avoid premature chilling of the flame, and by good 
maintenance of the burners and atomizing equip- 
ment, no difficulty need be experienced owing to in- 
efficient combustion. During the war years the 
shortage of petroleum fuel-oil has led to the 
development of a standard creosote-pitch mixture.® 

Liquid fuels require the service of such ancillary 
plant as tanks, heaters, and pumps, and care is 
needed on the part of the furnace operator to 
ensure their efficient use. Minute attention to 
detail is required if the best results are to be 
obtained; for example, when shutting down 
burners it is necessary to protect them from 
radiation from the furnace chamber, as such 
radiation may cause the formation of a coke-like 
product able to choke the burner. Nevertheless, 
in situations where a suitable gas supply is not 
available, the need for the use of liquid fuel is 
likely to increase. If future developments in the 
treatment of coal, made with the object of 
obtaining an increase of the chemical products, 
should be successful, there will always be scope in 
the field being discussed for the use of by-product 
fuel-oil. 

A further specialized application of liquid fuel 
is that of tar injection to low-grade gases 
(e.g., in the open-hearth furnace) but controversy 
seems to range round the economic advantages 
of this measure. The problem is not likely to 
arise in works of the type the practice of which is 
discussed in this paper until an economical means 
has been developed of desulphurizing and de- 
tarring bituminous-coal producer gas. 


IIl.—DEVELOPMENTS IN FURNACE DESIGN AND 
CONSTRUCTION. 


The principal developments under this heading 
fall into the following classes : 


(i) General mechanization of furnace opera- 
tion. 

(ii) Improvements in instruments and auto- 
matic control. 

(iii) The use of waste heat; recuperation ; 
reduction of storage losses by the use of hot 
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face insulation, and by the use of porous brick 
linings. 

(iv) The use of forced circulation of the 
furnace gases. 


(i) Mechanization. 


General mechanization has extended to the use 
of moving hearths, either in annular rotary 
furnaces or in continuous-bogie-type furnaces. 
The main advantage of the former type has been 
the value of a hot hearth in ensuring quick heating 
and temperature uniformity in reheating. Where 
the material is of too massive a type to permit of 
the direct transfer of the cold charge to the hot 
rotary hearth, a continuous solid-hearth pre- 
heating furnace has been used. The use of the 
continuous-bogie furnace has enabled relatively 
heavy charges to be carried through continuous | 
furnaces, both for reheating and heat-treatment. 
Conveyor furnaces of a multitude of types continue 
to be developed—pushers, rollers, walking beam 
(for sheet annealing), and rotating cylinders (for 
small parts). Economy arises through the saving 
of labour, the increase of output, and a much 
higher standard of uniformity of heating. 

For reheating billets for piercing operations, 
gas-fired rotary-hearth furnaces utilizing both 
town’s gas and coke producer gas and fitted with 
metallic recuperators, air/gas ratio control, and 
radiation-pyrometer control at the start and 
finish of the soaking zone, have eliminated a 
considerable degree of machining of the resultant 
forging; at the same time, the higher standard of 
temperature uniformity attained has resulted in 
an improvement in the accuracy of piercing. 

Walking-beam furnaces have permitted con- 
siderable advancement in the standard of treat- 
ment of sheets, and the use of compartment 
furnaces with push-through bogies and forced gas 
circulation has resulted in a considerable increase 
in output from heat-treatment furnaces. 

The “ top-hat ” furnace, with tubular elements 
carrying the heating gases, has been applied to 
sheet and wire treatment in which controlled 
atmospheres are used. This type of furnace is, 
in a sense, mechanical in that a chamber cover 
may be moved from one batch of charge to 
another, after a treatment involving a required 
cycle of temperature change has been carried out. 

There has been a considerable development of 
mechanical furnace-auxiliary devices of all kinds. 
Some typical examples are : 


(a) In gas burners; air/gas ratio control, 
combined with draught control, operated from 
a master controller governed by the furnace 
temperature. This would appear to be the ideal 
combination of mechanical controls to ensure 
perfect combustion and an ideal rate of heat 
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input, the two major requirements in control 
requisite for economical working. 

(b) In charging and discharging machines ; 
an advanced standard of mechanization has 
been reached in the former in regard to ease 
of control and size, and in the latter with respect 
to rapidity of quenching and removal from the 
quenching bath after the required period of 
immersion. 

(c) In dampers and hearths; jointed heat- 
resistng metal bricks or plates to overcome 
distortion and cracking. 


The problems of mechanization are bound up 
with two major lines of scientific progress: (i) Those 
fundamental advances in engineering science 
which are applicable to furnace practice, and (ii) 
the properties of the materials used in the con- 
struction of mechanisms, more particularly those 
involving the effect of high temperatures. The 
former depends upon external agencies and general 
progress in mechanical engineering science; it 
contains no specific problems which are not also 
of much wider interest. The latter involves 
certain critical properties peculiar to the conditions 
of furnace practice, such as resistance to creep, the 
effect of expansion in repeated heating and cooling, 
and resistance to the chemical effect of furnace 
atmospheres, in all of which research is continually 
being pursued by the interested organizations. 


(ii) Improvements in Instruments and Automatic 
Control. 


The contributions of physical science to engi- 
neering practice during the past decade have been 
outstanding. In the development of instruments 
for the more efficient use of fuel, electrical 
mechanisms, enriched by the use of the amplifying 
valve and the photo-electric cell, play a part of 
rapidly growing importance. In the next few 
years it is probable that electronic devices of many 
types will become available for use in instruments 
which are likely to be suitable for furnace practice. 
The ideal to be aimed at is the automatic furnace, 
but there are many limitations to be placed upon 
the attainment of this goal; some of these 
limitations are purely sociological in character. 
Thus it has often been urged that the search after 
merely push-button control may eliminate from a 
process that exercise of human intelligence and 
keen-eyed curiosity on the part of the operative 
which is desirable in any industrial operation. 
High-temperature processes require in their appli- 
cation methods which are simple and absolutely 
reliable (at present possibly over-sanguine de- 
mands), but it remains in such cases a desirable 
aim that automatic mechanisms should be reduced 
to the simplest terms. Naturally the number of 
instruments required and their function must be 
related to the size and economic importance of 
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the heating unit. The efficient performance of an 
open-hearth furnace, the reheating plant feeding 
a large continuous mill, or a large battery of 
boilers may well merit a well-equipped instrument 
panel which cannot be justified in the case of 
smaller units. 

In general, one master controller should be 
sought and this should be regarded as an integral 
part of the furnace unit. The experience drawn 
upon in this paper in regard to the use of instru- 
ments would suggest that there should be : 


(a) An autographic record of the critical 
control feature. (Perhaps the best example of 
this is in an allied industry—a cement kiln, in 
which the oxygen content of the exhaust gases 
from the kiln is recorded.) In the heavy 
industries generally the critical feature may be 
temperature, or rate of fuel input. In open- 
hearth furnaces new and important develop- 
ments are the roof pyrometer and the immersion 
thermocouple. 

(6) Means to observe or control the air/gas 
ratio or flow. 

(c) Means to maintain balanced draught. A 
sensitive draught-gauge before the outlet dam- 
per is always worth while. 


Simple, robust, and readily accessible instru- 
ments are as important as the furnace itself and 
no furnace which does not operate purely on a 
push button should be without its proper comple- 
ment of these accessories. 

Further, a branch of the subject which could 
profitably merit attention is the development of a 
relatively simple mechanism—sufficiently robust 
for workshop conditions—for automatically con- 
trolling draught. There is probably no greater 
source of heat losses in industry than the improper 
draughting of furnace plant. Surveys of the 
composition of the furnace atmosphere at different 
levels and locations will often reveal unexpected 
results which the unaided skill of the operator 
may well fail to detect. 

As a pointer to the significance of air inleakage, 
a difference of from 200° to 400° C. has been 
observed to have occurred in the temperature just 
above a bogie hearth following a tightening-up 
of the efficiency of the sand seals and the elimina- 
tion of door leakage. 


(iii) Waste-Heat Utilization. 

The utilization of waste heat is frequently in 
the main an economic rather than a technical 
problem. This applies particularly in the case 
of the waste-heat boiler in which problems of 
design and efficiency have received considerable 
attention in the past, and the elements determining 
the output of steam from the plant can be readily 
ascertained. In general, technical opinion favours 
the use of the fire-tube boiler for a number of 
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reasons, which include the facts that the fire tube 
is easier to clean, and that the handling of large 
volumes of exhaust furnace gas at relatively low 
temperatures involves heavy draughting condi- 
tions apt to give rise to air inleakage if suitable 
provision for its prevention is not incorporated in 
the boiler design. If this latter limitation is 
taken care of and provided that proper provision 
for the cleaning of the tubes is made, there seems 
to be no reason why a water-tube boiler should 
not also be satisfactory. There are distinct 
advantages in the use of the higher steam pressures 
to be obtained, provided of course that a use for 
the steam can be found and that the temperature 
and weight of the gases permit an economical rate 
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preheated air and/or gas. A frequent problem 
in a recuperator is how to raise the value of the 
heat-transmission coefficient on the waste-gas side 
of the heat-exchanging wall. In a nest of metallic 
tubes this coefficient is normally low, because of 
the usually low velocities of the gases passing to 
the exhaust unless an induced draught fan is 
employed. The importance of gas radiation in 
heating has only been appreciated in relatively 
recent years. Gas radiation may be picked up by 
additional refractory walls, which in turn re- 
radiate to the heat-exchanging surface of the 
recuperator. The proportion of heat radiated 
from the refractory surfaces from this source may 
amount to an additional 30% at 800° C., as 
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(92 B.Th.U./cu. ft.) 0:69 7:50 16:7 60 79-1 34-2 44-9 100 
ae ee 


of evaporation to be attained. The problem is 
one on which further enquiry may not be un- 
profitable for those who are looking for new 
developments in this branch of waste-heat re- 
covery. Alternatively, can it be said that a state 
of apparent finality has been reached in the design 
of the waste-heat boiler ? 


Recuperation. 


The advent of heat-resisting metals into en- 
gineering practice has resulted in the establish- 
ment of the metal recuperator. The greater 
compactness of the unit, its accessibility, ease of 
repair, and the absence of leakage in a proper 
design, make it much superior in furnace practice 
to the older type built of refractory material. 
The metal recuperator may be placed on the 
crown of the furnace as well as in the flues, and 
higher velocities of the heat-exchanging gases 
may be carried, with a resultant increase of the 
overall heat-transfer coefficient and better utiliza- 
tion of available heating surface. Further, re- 
cuperator tubes may be incorporated in flues in 
the furnace walls so that the heat storage in the 
furnace structure may also be picked up in the 


compared with the small proportion transferred 


‘by convection. 


The relative merits of preheating the air used in 
conjunction with different fuels is apparent from 
the data given in Table III. The percentage of the 
potential heat of the fuel which is available for heat 
recovery as the products of combustion are cooled 
from 1200° to 600° C. is shown in column 8 of that 
table. In columns 3 and 4 are given the volumes 
of air and waste gases respectively which are 
involved in perfect combustion in order to release 
1000 B.Th.U. An approximate relative index of 
the air preheat obtainable for a given drop of 
temperature in the waste gases is provided in 
column 9, the index being obtained from the 
expression (column 4 X column 8)/(column 3). 
The results indicate the degree to which the 
lean gases are particularly good subjects for re- 
cuperator practice, and that, with good heat- 
recovery, they can be made thermally efficient 
in use. 

A metallic recuperator applicable for waste-gas 
temperatures of up to 1000° C. or more and used in 
combination with an exhaust fan, is probably the 
most effective appliance of heat recovery in pre- 
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heating practice. When operated in conjunction 
with a chimney, difficulties may arise; a chimney 
is not a satisfactory controllable draught-engine 
(though its cost in capital outlay and of operation 
may appear attractive) and it does not reach its 
full efficiency until the maximum temperatures 
in the furnace are approached, whereupon the 
draught is generally required to be reduced. 


/200 


Qo 


walls, and show the relationship between the wall 
thickness and the time required to reach within a 
specified temperature interval short of the maxi- 
mum attainable at full heat saturation of the wall. 
From these data it is apparent that the so-called 
‘* steady conditions ”’ are rarely reached in practice 
and that any calculations of heat storage based 
on such conditions are only roughly approximate. 
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Fia. 3.—Temperature/Time Curves for External Surface of Various Types of Furnace Wall, Corresponding to 
Typical Heating Curves for the Inner Face. 


Reduction of Storage Losses. 


Progress has been made in the study of the heat 
storage in furnace structures and of the means to 
be taken for its reduction. Methods have been 
described,?° utilizing machine forms of calculation, 
for the determination of the heat storage, under 
conditions of variable flow of heat, for the 
typical conditions of intermittency experienced in 
normal practice. By these means the economical 
thicknesses of brickwork and of insulation can be 
established for conditions other than those en- 
countered under steady conditions. The data in 
Table IV., apply to perfectly insulated firebrick 


Unlagged walls of 9-in. firebrick and 44-in. hot- 
face insulation, when subjected to cyclic varia- 
tions of temperature (6 hr. heating, 6 hr. soaking, 
and 6 hr. cooling) showed that cycles of outer-face 
temperature could be repeated after a second cycle 
of temperature changes had been passed through, 
that is, after the lapse of 36 hr. 

Temperature/time curves relating to the ex- 
ternal surfaces of firebrick walls and insulating 
refractories have been derived for different 
rates of heating of a type normally encountered in 
practice. Fig. 3, taken from the paper already 
referred to? (loc. cit., p. 197), illustrates an example 
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of the technique. The data provide a general 
guide for establishing economy in intermittent 
practice of any particular type of wall. A point 
of fundamental importance is that developments of 
the machine methods of computation now in hand 
enable difficulties frequently associated with the 
existence of a thermal-diffusivity variable with 
temperature to be overcome, as well as permitting 
a detailed study of the behaviour of compound 
walls. 


TaBLE 1V.—Time (Hr.) Required to Reach Within 
a Specified Temperature Interval of the Maxi- 
mum for Full Heat Saturation. 

Normal firebrick walls perfectly insulated. 


Temperature Interval at Wall Thickness, in. | 
Firebrick/Insulation 
Interface, ° 0. 4}. 9. 13}. 
10 ie 68 153 
20 14 56 126 
50 114 46 103 


Considerable investigation has been made into 
the properties of the refractories required to 
provide what has been termed “‘ hot-face ”’ insula- 
tion, that is to say, insulating firebricks of low 
heat capacity and possessing suitable chemical 
and physical properties to meet. the requirements 
associated with the conditions within the working 
chamber of the furnace. 

The mechanical properties essential are mainly 
a question of the behaviour of the brick in handling 
and transport. A cold crushing strength of 150 
Ib./sq. in. has been suggested as a tentative 
minimum.!® The thermal advantage of the brick 
in reducing heat storage is approximately in- 
versely proportional to its bulk density. In a 
furnace wall in practice, the temperature gradient 
across the wall is steep because of the highly 
insulating character of the brick, and the mean 
temperature is thereby reduced. Accordingly, 
for this reason, the brickwork as constructed 
could be expected to be capable of exerting a 
greater stability in service than might be expected 
from test data. The expectation of durability 
from this cause has been confirmed in panel tests. 
The usual problems of resistance to spalling, to 
slag and oxide fume, and to abrasion, arise in this 
class of refractory to a greater degree than with 
dense refractories, so that there is a limit to the 
locations at which they may be used. Thus they 
are not usually suitable for hearths, door jambs, 
burner blocks, or bridge walls. 


The Importance of Gas Permeability. 


The importance of the gas permeability of the 
refractory structures used has been frequently 
overlooked in furnace construction. All furnace 
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walls not specially protected are permeable to gas. 
If the difference in pressure between the furnace 
chamber and the external atmosphere is appreci- 
able there is a tendency either for hot gas to flow 
outwards or for an inleakage of cold air from the 
atmosphere; both effects may result in a lowered 
thermal efficiency. A good diatomaceous in- 
sulating brick may have a permeability of well 
under | British unit (cu. ft./hr./sq. ft./ft. at 1 in. 
W.G.), but some of the porous insulating fire- 
bricks examined have been found to have sur- 
prisingly high permeabilities. In practice the 
permeability becomes reduced, owing to the effect 
of temperature on the viscosity of the gas. 
Ignoring the effect of temperature and possible 
changes in the brick on heating it is found that, 
for a case in which the porous brick has a per- 
meability of 12-8 British units and a mean thermal 
conductivity of 1-68 B.Th.U./sq. ft./hr./° F./in., 
over the range of temperature involved, the heat 
loss for a 9-in. wall with a temperature gradient of 
1000-80° C., and a pressure difference of 0-2 in. 
W.G. across the wall, is respectively 309 B.Th.U./ 
sq. ft./hr. for non-permeable conditions and 427 
B.Th.U. for outward permeable flow. The differ- 
ence in the heat loss amounts to an increase, due 
to permeable flow, of 38°%. These facts point 
to the need for close joints and external plating 
and indicate the existence of a problem not yet 
solved by the makers of the porous bricks. 

Fortunately these limitations are not universal, 
as entire walls and crowns of heat-treatment 
furnaces have been constructed with this type of 
refractory and are giving satisfactory operation. 
Normally, the hearth (for obvious reasons of 
durability) must be constructed of hard, dense 
refractories, but the question of insulation arises, 
as the zone of variable heat-soakage may extend 
to a depth of about 20 in. 


Permeable Furnace Walls. 


An interesting new construction in which the 
products of combustion are exhausted through the 
walls of the furnace, these walls being made of a 
permeable material, has been described by Ander- 
son, Gunn, and Roberts.11_ The advantage of this 
construction over the orthodox design is that it 
results in the sensible heat of the waste products 
of combustion being used to supply the heat 
storage of the furnace wall. At the same time a 
more rapid attainment and a more even distri- 
bution of furnace temperature are practicable. 
The design has been incorporated in a variety of 
furnaces, including bogie-hearth furnaces with 
hearth dimensions of up to 13 ft. 8 in. x 10 ft., 
wire patenting furnaces, natural-draught oven- 
furnaces for carburizing, and a relatively high- 
temperature furnace for special heat-treatment. 
Automatic controls which give command of burner 
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input and furnace pressure have been incorporated. 
The authors of the paper referred to, in describing 
this development, have proposed a formula to 
define the saving over a non-permeable furnace in 
the case of town’s-gas firing as follows : 


Ge w04 It 
C= 011% 


igs (1 ) x 100% 
where 


P = percentage saving, 

t) = temperature (° F.) of the furnace gases just 
before entering the wall, 

ts = annulus temperature (° F.), the annulus being 
the chamber outside the permeable wall into 
which the waste gases are exhausted. 

C = gross calorific value of the gas, B.Th.U./cu. ft. 


The proposal raises some controversial questions, 
as the apparent saving would depend in this 
contention upon the capacity of the refractory 
material of the furnace to absorb heat and so 
lower the value of the temperature ¢,. Questions 
which appear to require to be answered in 
this respect are: “To what degree must the 
total heat-capacity of the wall be increased to 
accommodate the porous lining?”’ ‘Can an in- 
crease in such heat capacity be fairly credited to 
the performance of the furnace?” and “‘ How 
would a heat balance of such a furnace compare 
with that of a furnace of identical size of working 
chamber and doing the same work, in which the 
walls and crown were constructed of hot-face 
insulation? ’”’ Also, ‘“‘ How would two furnaces, 
each equipped with an efficient heat-recovery unit 
(recuperators, regenerators, or any other mechan- 
ism for heat recovery) compare, one with the 
permeable lining and one without?” Further 
applications of this design and reports of furnace 
performance in which fuel consumption and load 
are related for a range of different loads, should 
be looked for with interest. 


(iv) The Use of Forced Circulation of Furnace Gases. 


It is well known that radiation either from solids 
or gases is the major factor in heat transmission at 
high temperatures, and that for low temperatures 
convection becomes the more appreciable factor.” 
In the absence of adequate experimental work on 
convection in furnace chambers recourse must be 
had to the work done on heat transmission in 
boilers and heat exchangers, where the value of 
high flow velocities in convection has been demon- 
strated, particularly in the case of fire-tube boilers. 
In recent years the principle of convection heating 
has been applied to low-temperature furnaces. 
The fuel is burned in a separate chamber and the 
products of combustion are circulated to the 
furnace heating chamber through a suitable ar- 
rangement of ducts; they are then returned for 
mixing with fresh products of combustion and 
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recirculated. Fans of the centrifugal impeller 
type are used, constructed of heat-resisting metals 
capable of withstanding the range of temperatures 
in which convection heating is advantageous, that 
is, up to about 750° C. Both forced and induced 
circulation of the hot gases have been applied, with 
or without reversal of the direction of flow through 
the heating chamber, the gases being in circulation 
at such a velocity that the volume of gas circulated 
may be as much as 60 times the volume of the 
products of combustion. Forced circulation is 
also applied in other designs by means of propeller- 
type fans incorporated in the furnace chamber. 
This latter practice originated with electric fur- 
naces, but in general it is less effective in attaining 
rapid and uniform heating than that in which the 
centrifugal impeller is used in a closed circuit. 
Thermal efficiencies of the order of 33°% have been 
obtained in such furnaces under conditions in 
which soaking periods required for completing 
metallurgical changes have been twice as long as 
the period required for heating up to temperature. 
An extremely high standard of temperature 
uniformity is attainable, e.g., a difference of only 
2° C. over a length of 25 ft., in a vertical 
cylindrical furnace. High rates of output are 
attainable where the shape and section of the 
charge are such that the ratio of surface area to 
mass is favourable, and the circulating gases are 
able to penetrate the charge. 

A limited portion only of the fundamental data 
extant can be applied to this problem, as there is a 
scarcity of heat-transfer data applicable to furnace 
chambers of industrial size or to large flues. 
Calculations of convection in the fire tubes of 
steam boilers give surface conductances of the 
order of 10 B.Th.U./sq. ft./hr./° F., whereas values 
obtained in practice are materially higher, with 
which fact is associated the influence of gas rad- 
iation.4* On @ priort grounds the surface con- 
ductance due to gas radiation would be expected 
to increase with the length of the radiant beam, 
whereas the effect of convection becomes reduced 
with an increase in the mean hydraulic depth of 
the gaseous stream. On the other hand dilution 
of the gaseous stream by the inleakage of cold air 
would result in a reduction of gas radiation from 
two causes, viz., the fall in temperature and the 
lowering of the concentration of the radiating 
constituents (carbon dioxide and water vapour). 
Heat transmission is increased with increase of 
velocity, but at the same time the power consumed 
in the circulating gases is a factor of economic 
importance. Although the fan power varies 
directly as the flow, surface conductance by con- 
vection varies with the velocity to a power which 
lies between 0-8 and 0-56, according to the con- 
ditions. Large-scale survey investigations are 
required to fill the gaps in the existing know- 
ledge. : 
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IV.—ORGANIZATION AND METHODS FOR OBTAINING 
Furent EFFicrency. 


The question of organization for fuel efficiency 
in any industry may be approached in two ways. 
One is from the standpoint of the individual works, 
and the other embraces the wider considerations 
of the industry as a whole, together with such items 
of national policy as are pertinent to the issue. 
‘Both of these approaches may be affected by the 
corporate action of external organizations. 

The previous section of this paper, in which were 
described some of the more recent major develop- 
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Fuel Saving in the Individual Works. 


The first essential in any systematic attempt at 
fuel economy is the keeping of proper records 
relating to fuel consumption and output. So 
much has been said and written on this subject 
that further elaboration of it is unnecessary. It 
is essential, however, that such records should be 
put to effective use and, in this connection, the 
need for regular plant-survey work may be 
mentioned. Valuable as records of plant per- 
formance are, they are capable only of exposing 
departures from normal practice: they do not 
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Fia. 4.—Variations in Rates of Heating and Fuel Input for Stoker-Fired Rolling-Mill Reheating Furnace. 


ments in furnace design, gave an indication of 
present-day trends in furnace practice. In all the 
cases discussed the implications with regard to 
fuel economy are obvious. Considerable econo- 
mies can be achieved in existing plant, however, 
by the adoption of a firm policy directed towards 
that end. Indeed, despite the savings in fuel 
which have been effected during the war years, 
it is the authors’ opinion that the still wider 
application in industry generally of the fundamen- 
tal principles of combustion could result in further 
economies, comparable with those already realized. 
It is intended in this section firstly to discuss 
certain aspects of this question as relating to the 
individual works, after which some of the broader 
issues will be considered, and the need for progress 
along certain lines suggested. 
1946—i 


usually indicate the cause of any such discrepancy 
nor do they show whether or not, or in what 
manner, the usual standard of performance may 
be improved. These facts can only be determined 
by the carrying out of a proper survey of the plant 
in question. In some cases a few simple tests, 
such as the analysis of samples of the furnace 
atmosphere, or a pressure survey of the system, 
may suffice, while in others a more detailed 
investigation involving observations over a pro- 
tracted period, possibly with the help of recording 
instruments, may be required. The important 
thing is to know where the heat units are 
going and to this end the drawing up of a heat 
balance or a Sankey diagram is often helpful in 
presenting a clear picture of what is happening. — 
Such a balance may be simple, giving major 
N 
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items only, or complex, splitting each item down 
into smaller units, as the case warrants. 

The following typical examples illustrate the 
manner in which plant survey work, which is 
virtually a practical means of applying existing 
knowledge, may be used to improve performance. 
It will be seen that such surveys are capable of 
indicating the need on the one hand for modifica- 
tions in the light of more recent knowledge and, 
on the other hand, for special maintenance work, 
the need for which may otherwise remain un- 
discovered. 


(i) A Regenerative Ingot-Reheating Furnace. 

The furnace concerned was of the batch type; 
heat balances drawn up for a number of heats 
revealed the following : 

Percentage of Heat Input. 
7:9-20-9 
(depending on the 
tonnage heated). 


Useful heat in charge. 


Heat in waste gases. Approx. 20 
Radiation and convection losses 

from external surfaces. 12-9-20-4 
Heat storage in furnace structure, 

and unaccounted-for losses. 43-9-53-5 


In this case it is apparent that the major loss of 
heat is in the furnace structure, and the appro- 
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Fie. 5.—Relationship between Fuel Ratio and Rate of 
Output for Stoker-Fired Rolling-Mill Reheating Furnace. 


priate lines of improvement suggested accordingly 
included a modification of the brickwork, with a 
view to the reduction of its thermal capacity. 


(ii) Comparison of Batch-Type Stoker-Fired and 
Hand-Fired Rolling-Mill Reheating Furnaces. 


This particular investigation was instigated for 
the purpose of determining the cause of the low 
life of the hearth refractories in the stoker-fired 
furnace. The rate of fuel consumption, rate of 
output, waste-gas composition and temperature, 
and the draughting conditions were logged through- 
out a number of working periods; examples of 
the results obtained are shown in Figs. 4 and 5. 
Fig. 4 gives the time variations of the rate of coal 
feed and the rate of heating in the case of the stoker- 
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fired furnace and illustrates the wide variations 
in the heating rates required (which were partly 
due to shop requirements). Fig. 5 is a plot of fuel 
ratio against rate of output, again for the stoker- 
fired furnace, in which the relative performances 
for continuous and two-shift working are com- 
pared. 

The reason for the low life of the hearth re- 
fractories was found to be insufficiently fine con- 
trol of the rate of coal feed and air flow. When 
these were corrected the advantages of stoker 
firing over hand firing were such as to make 
possible the attainment of a fuel economy of up 
to 30%. The results of the investigation also 
indicated that a saving of from 10-30% of the 
fuel consumption was possible by the adoption of 
continuous working in preference to two-shift 
working. 


(iti) A Forced-Circulation Coke-Producer-Gas-Fired 
Heat-Treatment Furnace. 


In this case, trouble was being experienced owing 
to slow heating, which necessitated smaller loads, 
with consequent further lowering of furnace . 
efficiency. The results of surveys of the fuel 
consumption, and of the temperature, pressure, 
and analyses of the circulating gases at different 
points in the system led to the following con- 
clusions : 


(a) Fluctuating gas pressures pointed to the 
occurrence of water in the gas supply mains. 

(b) The combustion conditions, though not 
ideal, were not the major cause of the 
inadequate performance. 

(c) The chief cause of the slow rates of 
heating being experienced was leakage of the 
circulating gases at the reversal valve, resulting 
in the heating chamber being partially short- 
circuited. 

(d) A contributory factor was excessive heat 
loss from a non-operative door seal and cracks 
in the furnace superstructure. 


Attention to these points, together with the 
correct setting of the air and gas valves, resulted 
in a reduction of the fuel consumption per unit of 
output by approximately two-thirds. This saving 
could be attributed mainly to the fact that the 
improved furnace performance enabled larger 
loads to be carried. A comparison of the per- 
formance of the furnace before and after the 
adjustments were made is given in Fig. 6. 

This was a somewhat abnormal experience, but 
it points to what may occur even in well-managed 
plants and with the latest types of equipment 
available, unless attention is applied in the manner 
described. Many more examples could be quoted, 
but these few should suffice to show the importance 
of plant survey work. 
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Loading of Furnaces—The Importance of 
Planning. 


This problem has been repeatedly stressed in 
the literature of the subject. The suggestion is 
ventured that the main source of improperly 
loaded furnaces arises in the planning of the 
installation. The accurate forecast of shop re- 
quirements is essential. Furnaces cannot be 
worked efficiently if they are to deal only with 
occasional large masses, or to operate at the maxi- 
mum practicable rate of output, or to carry 
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Fic. 6.—Relationship between Fuel Ratio and Weight of 
Charge for Forced-Circulation Heat-Treatment Furnace. 


which a furnace may be called upon to fulfil is 
associated with specific dimensions of hearth and 
heating surface, as well as thickness of refractory 
walls and insulation, together with other factors 
which are capable of enabling the maximum 
efficiency to be attained. While much more work 
in certain fields is required before it can be said 
that the effects of all the factors involved have 
been completely elucidated, sufficient knowledge 
of the subject already exists to warrant the ex- 
penditure of considerable thought and effort in 
arriving at the optimum design to suit the condi- 
tions envisaged. If, owing to some unanticipated 
change in shop demands, the furnace duty should 
change, it might actually pay, under certain cir- 
cumstances, to sacrifice the existing unit and 
rebuild in accordance with the new requirements. 

A further aspect of the subject of planning 
requires an examination of the whole sequence of 
operations undertaken. It may be possible to 
utilize the heat rejected from a high-temperature 
process in one working at a lower level, although 
opportunities for taking advantage of this device 
occur more infrequently in the iron and steel 
industry than in other spheres. Space-heating 
requirements for buildings, however, may be 
capable of being met by previously untapped 
sources of waste heat; in this connection an 
example quoted by Faber in a recent paper, 
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although outside the industry, is of interest. In 
the paper is described the manner in which low- 
grade heat, possibly even at atmospheric tempera- 
ture, may be economically upgraded to tempera- 
tures suitable for space heating by the panel 
system by means of the heat pump. Several 
examples of large plants utilizing this system, 
mainly on the Continent and in the U.S8.A., are 
described, amongst which is mentioned the system 
installed at the Bank of England, where the 
source of low-grade heat is the cooling water 
from the Diesel engines in the power station. 
When one considers that in the iron and steel 
industry the equivalent of probably millions of 
tons of coal is lost annually in the form of low- 
grade waste-heat, one does well to consider the 
possibilities of such schemes. 


Education and Research. 


For the carrying out of work of this and 
analogous kinds it is apparent that in the future 
considerably more attention must be given to the 
question of education than has been the practice 
in the past. In the fuel efficiency campaign 
organized by the Ministry of Fuel and Power during 
the war the value of education has been recognized 
and many requirements have been determined 
which should be included in the permanent struc- 
ture of the educational ladder of the future. 
Happily, all the organizations interested are 
giving attention to this matter. The Institute of 
Fuel, in conjunction with the Ministry of Educa- 
tion, the Ministry of Fuel and Power, the City and 
Guilds of London Institute, and other important 
bodies are considering how provision may be made 
for the institution of systematic training in fuel 
technology for all ranks of personnel engaged or 
likely to be engaged on these problems in industry. 
The existence of an educational ladder with the 
possibility of qualifying at each stage constitutes 
an incentive to the aspirant after useful knowledge 
in this subject. The shortage of fuel and its 
economic position is likely to provide another 
incentive for those elements in industry which are 
responsible for policy. 

Not only is there the problem of the man who is 
able to take advantage of the normal educational 
resources of the country, but there remains the 
important question of the training of the operative. 
In this respect new methods have to be applied. 
These involve primarily the matter of practical 
instruction, the organization of demonstration 
plants, and the provision of instructors. Further, 
there is much scope for the type of handbook 
specially designed for the use of the practical man. 
Last but not least, there is the question of what is 
to be done about the man who has the obstacle 
of communications to contend with owing to the 
distant location of many important works from 
suitable centres where instruction may be available. 


\ 
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The general question of fuel research is at the 
moment one of some complication, and the need 
for co-ordination of the many-sided approaches to 
the problem is apparent. Co-operative work has 
been the keynote of scientific advance during the 
war; it would be a pity if the fruitful lessons of 
such a development were lost. 


Problems Still Awaiting Solution. 


In the course of the foregoing discussion many 
problems have already been indicated. The 
following is a list of further suggested lines of 
research, in the form of more or less major ques- 
tions of general interest : 

(1) Is powdered coal to be a fuel of the future, 
or will the development of the mechanical stoker 
entirely supplant this medium ? 

If the use of powdered coal in metallurgical 
practice is to be further developed the following 
factors will require attention : 


(i) The laws of flow of mixtures of pulverized 
coal and air, in particular with regard to the 
influence of the fineness of division and the 
character of the coal. 

(ii) Influence of flow velocity on the deposition 
of dust, and its bearing on the technique applied. 


(2) Designs of gas burners in use are legion. 
Can some common specifications be devised which 
characterize the essential features of burner design 
for specific uses ? 

(3) An investigation is required of the causes of 
stratification and irregularities of flow of hot gases 
in furnace chambers and large ducts, and the 
derivation of the laws of flow and pressure drop 
in such conditions; the subject has particular 
reference to forced circulation. 

(4) What is the specification of a satisfactory 
valve or damper and how is that specification 
influenced by the temperature range involved? A 
specific case is that of the valve required for 
controlling the flow of tarry gas. 

(5) In furnace hearths, what is the ideal thick- 
ness for specific uses, and what is the ideal method 
of construction? How should bogie hearths be 
sealed to prevent air inleakage? Can _ better 
means than at present exist be found for turning 
over ingots, blooms, and billets in the soaking 
zone of reheating furnaces ? 

(6) A systematic study of the outstanding 
problems relating to the use of steam in iron and 
steel works practice is needed. 

(7) The use of the heat pump already referred 
to in the present paper has possibilities in con- 
nection with the recovery of waste heat. 

(8) Other requirements are : 


(i) Simple coal meters applicable to band 
and bucket conveyors and to chutes.’ 

(ii) A heat flux-meter not involving the use 
of water. 
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(iii) A sensitive air-meter applicable to 
natural-draught furnaces, for use at the air 
intake. 

(iv) A means to measure the stresses en- 
countered in furnace crowns. 


The Determination of Physical Constants. 


Much attention has been given in the past to 
the subject of heat transmission. For this work 
to be capable of exerting its full use it is necessary 
for much further investigation to be done on the 
determination of the physical constants involved. 
The laws of fluid flow at high temperatures, and 
the transmission of heat to and from moving gases 
in small ducts are fairly well understood.1® In 
relation to this particular matter, the thermal 
conductivity and the viscosity of the normal 
furnace gases are known for the separate consti- 
tuents of industrial gases. No relation has yet 
been traced, however, between the values of these 
individual constants and the corresponding co- 
efficients for the industrial gases encountered in 
practice, except in the case of viscosity at low 
temperatures.1® Thus McAdams states?> (loc. 
cit., p. 415) when giving the Prandtl numbers 
Cu/k for gases and vapours at 1 atm. pressure 
and 212° F.: “The effects of temperature and 
pressure are uncertain, and for the present it is 
recommended that O,u/k for gases be taken as 
independent of temperature and pressure, except 
near the critical region.” The values for Cy, p, 
and k are available in the literature 1° for certain 
specific cases, and for certain ranges of tempera- 
ture. An extension of this data appears to be 
called for, as well as a method for calculating 
the properties of mixtures of the permanent gases 
at high temperatures. 

In dealing with the highest temperatures in 
industrial practice (e.g., steelmaking) the lack of 
high-temperature thermal data is very much 
apparent. The technique involved in the deter- 
mination of such data is obviously difficult and 
tedious, and accordingly unattractive to the 
individual scientific worker. The determination 
of such constants as the latent heat of steel and of 
the heats of reaction of slag-forming materials 
leaves much to be desired, but such constants 
require to be definitely determined if the accurate 
thermal performances of high-temperature furnaces 
are to be measured; numerous other advantages 
are also to be gained, from the standpoint of the 
scientific technique of the processes involved. 

The questions raised in this paper are not in 
any sense exhaustive. The wide range of the 
subject would preclude any such possibility within 
the compass of a single communication. It is 
hoped, however, that the points raised will at least 
arouse controversy, and thereby bring into pro- 
minence those problems which would appear at the 
present time to be most worthy of attention. 
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SYNOPSIS. 


Problems met with in current fuel-utilization practice at integrated and non-integrated iron and steel 
works are briefly discussed. These problems are chiefly concerned with blast-furnace-gas production, 
cleaning, and distribution ; some remarks as to the effect on fuel utilization of possible future modifications 
in blast-furnace practice have been added. The application of by-product gases to steelworks uses and 


the general question of heat conservation are also considered. 
A comparison is made of the operating results at the melting shops and mills of the Appleby and the 


Templeborough Works. 


The paper concludes with some indication of what has been achieved in respect 


of fuel economy at certain subsidiary plants of The United Steel Companies, Ltd. 


I.—INTRODUCTION. 


Fur is to-day the major item in the cost of 
production of finished steel, especially when, in 
the term ‘‘ fuel consumed,” that needed for the 
generation of the power purchased from outside 
sources is included. 

It has been said that the successive processes 
at present used in the manufacture of iron and 
steel are thermally inefficient and that it is time 
that new methods were introduced. Although 
some justification exists for such a statement, and 
while it may be that the years to come will bring 
the desired improvements, it is in the meantime 
imperative to aim at making existing plants as 
efficient as possible, and in this way reduce the 
fuel consumption to a minimum. 

To this end it is necessary : 


(a) To utilize fully the by-product gases. 

(6) To prevent the loss of latent or sensible 
heat existing in the material produced, after 
completion of the melting or heating process. 

(c) To cause the necessary heat transfer 
from the fuel into the material being processed 
to take place with as high a degree of thermal 
efficiency as possible, and to use power in the 
most economical manner. 


Integrated iron and steel plants represent one 
step towards the fulfilment of the first two con- 
ditions, but much has still to be done before the 
large amount of high-grade heat going to waste 
to-day is recovered, for instance, that lost with 
the blast-furnace slags, open-hearth slags, coke at 
the ovens, or from ingots as cast, and steel as rolled. 


The points mentioned under (c) are receiving 
constant attention. The question of a decrease 
in the amount of low-grade heat going to waste 
with the flue gases, with the cooling water, and by 
radiation from the furnace shell must remain in 
the forefront. Some improvements have already 
been achieved by (i) use of better refractories, 
coupled with more efficient thermal insulation, 
(ii) extensive application of artificial draught 
(permitting more up-to-date means of waste- 
heat recuperation), (i1) fuller utilization of furnace 
capacity, &c. Further improvements may also 
be expected from partial replacement of the 
combustion air by oxygen, made possible by the 
reduced cost of production of the latter. 

On the power side, the total elimination of 
avoidable losses would be accelerated by a more 
intensive application of technical methods in the 
study of the general operation of the plant. 

A more extensive treatment of the various 
subjects raised would have been undertaken if 
more time had been available for the preparation 
of this paper. The treatment of each heading is 
thus brief, and is confined to some general con- 
siderations. 

The paper concludes with some indication of 
what has been achieved in respect of fuel economy 
at subsidiary plants of The United Steel Com- 
panies, Ltd. (the integrated iron and steel works 
of the Appleby-Frodingham Steel Co., Ltd., and 
the steelworks of Steel, Peech and Tozer and of 
Samuel Fox and Co., Ltd.). 

Some comments are also made in the paper on 
certain problems which have been dealt with, and 
a comparison is made (Figs. 1, 2, and 3) of some of 
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the operating results at the melting shops and 
mills of the Appleby and the Templeborough 
Works. 


II.—GENERAL CONSIDERATIONS. 
Utihzation of Blast-Furnace Gas. 


In the case of blast-furnaces working mainly 
with British ores, coke consumption per ton of iron 
may vary from about 18 to 30 ewt. in exceptional 
cases, depending on the characteristics of the 
furnaces and their burdens. The blast-furnace 
gas produced (after allowing for incidental losses) 
varies with coke consumption from 116,000 to 
193,000 cu. ft. per ton of iron and has a calorific 
value (similarly varying) from 95 to 117 B.Th.U./ 
cu.ft.*; this represents 47 to 58%, respectively, 
of the net calorific value of the coke used. An 
appreciable proportion of this by-product gas is 
used in raising the air blast to the required 
pressure and temperature (thereby returning some 
heat to the furnace) and in supplying heat to 
ancillary units. These items, grouped under 
the heading of blast-furnace service but ex- 
cluding electric power, absorb a proportion of 
the gas produced, this proportion varying from 
35 to 43°%, according to the efficiency and extent 
of the ancillary plant employed. There remains 
about 60%, of the blast-furnace gas to be other- 
wise utilized, representing 60 to 120 therms/ton 
or, at the ruling price of coal, 10s. to 20s. per ton of 
iron. The utilization of this gas is therefore a 
matter of consequence. The generation of electric 
power is an obvious method and one which is 
commonly practised. The power requirements of 
a blast-furnace plant vary greatly according to the 
nature of the raw materials to be handled, but 
where a low-quality ore is crushed, graded, bedded, 
and otherwise dealt with according to the latest 
practice, the total electric power required can be 
generated with a heat consumption of 21 therms/ 
ton of iron. This will absorb no more than one- 
third of the blast-furnace gas surplus and although 
it might be suggested that additional electric 
power could be generated and sold, this is not 
always a practical or an economical proposition. 

It is here that the integrated iron and steel 
plant comes in, not necessarily as a so-called 
“balanced plant” (a somewhat meaningless 
expression possibly coined at one time to hide 
an excessive consumption of coke at the blast- 
furnaces), but as a plant making use of all the 
blast-furnace gas and producing finished steel with 
a minimum overall fuel consumption. 

Reverting to the blast-furnace plant having the 
equivalent of from 60 to 120 therms/ton of iron 
to dispose of, how can this potential heat be 
utilized to the best advantage in a steelworks 
producing, say, mild-steel plates as the final 
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product? The melting shop is equipped with 
open-hearth furnaces and active mixers, and 
shows a yield of 90%. The slab mill and the 
plate mill give an overall yield of 70%, it being 
assumed that the scrap from the mill is returned 
to the melting shop and that no intermediate 
product is sold. Under these circumstances the 
melting shop can produce ingots for a heat con- 
sumption of 64-66 therms/ton, and the mill will 
produce plates for a heat consumption of 26- 
27 therms/ton of ingot, charged weight. 

It is important at this juncture to emphasize 
the advantage of operating the melting shop 
with hot metal, as the heat content of the metal 
reaching the melting furnace can be assessed at 
8 therms/ton of metal, a portion of the original 
heat content having virtually been lost by the 
metal in its passage through the mixer. The 
value of the heat saved is still greater when it is 
considered that, owing to prevailing melting- 
furnace efficiencies, that heat could not be 
replaced for a lower expenditure of fuel than 
that equivalent to 35 therms/ton of metal. 

It is to be noted that in the above instance the 
melting shop has been assumed to operate on 
producer gas and that the heat consumption has 
been given on the basis of coal used. The con- 
sumption of blast-furnace gas in the steelworks, 
therefore, would be confined mainly to the mill 
furnaces, where it amounts to the equivalent to 
32-33 therms/ton of iron produced, still leaving a 
surplus of at least 27 therms/ton of iron (assuming 
a consumption of 18 cwt. of coke per ton of iron). 
This surplus is rather more than sufficient to 
generate the electric power for the blast-furnace 
plant; if the coke consumption at the blast- 
furnaces were slightly in excess of 21 cwt./ton 
of iron,» the whole of the electric power for 
the blast-furnace and the steelworks requirements 
could. be produced from surplus blast-furnace 
gas. If the blast-furnace operating conditions 
were such as to require a coke consumption much 
in excess of the latter figure, a considerable 
quantity of blast-furnace gas would be produced 
which could not be used, while the melting shop 
would still be operating on coal. 

It is now common to find a coke-oven plant 
included in an integrated iron and steel works. 
As in the case of close association of the iron- 
works and the steelworks departments, the inclu- 
sion of a coke-oven plant shows advantages of no 
mean magnitude. The carbonizing temperatures 
generally employed are such that, with the 
regenerative facilities usually provided, they can 
be maintained by the combustion of gaseous fuels 
of low calorific values. It is apparent therefore 
that, by operating the coke ovens with surplus 
blast-furnace gas, a supply of high-calorific- 
value gas (coke-oven gas) is obtained which can 


* Gas figures quoted are in terms of dry gas at N.T.P. 
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be used, for instance, in the melting shop. In 
effect, the coke-oven plant may be regarded as 
a “transformer,” by virtue of the fact that the 
low calorific value of the input carbonizing gas 
is stepped up to the high calorific value of the 
output gas. Moreover, the total thermal value 
of the coke-oven gas produced is about 24 times 
that of the carbonizing fuel used. It is therefore 
possible, in suitable circumstances, to use coke- 
oven gas (in conjunction with blast-furnace gas 
or by itself) in the melting-shop furnaces, thereby 
avoiding the conversion loss inherent in the use 
of gas producers. Although not readily assessable, 
the advantages of ease and closeness of control to 
be gained by using mixed blast-furnace and 
coke-oven gas, or coke-oven gas by itself, instead 
of producer gas should not be overlooked (although 
the melting-shop manager may have something 
to say as to some of the disadvantages). It is to 
be noted that the melting shop, working on these 
gases, can produce ingots at 55 therms/ton in 
contrast to a coal-equivalent of 64-66 therms/ton 
on producer gas. 

Table I., based on various coke consumptions 
at the blast-furnace plant, shows how the fuel 
requirements of the various consumers can be 
met at a particular integrated works, assuming 
that the coke-oven plant produces all the blast- 
furnace coke required. 

It will be seen that, in the case of the blast- 
furnace plant working on a coke consumption of 
18 ecwt./ton of iron, to operate the integrated 
plant in the most advantageous manner, the coke 
ovens should use coke-oven gas for carbonization. 
There remains sufficient blast-furnace gas and 
coke-oven gas for use in the melting-shop and 
mill furnaces. There is, however, an overall gas 
deficiency (excluding power requirements) of 4 
therms/ton of iron which, for instance, might be 
balanced by producing 4° more iron and selling 
this surplus, or by the use of coal on the boilers. 
All the electric power required would have to be 
purchased. It may be noted in this instance that 
should the coke-oven plant be omitted, the melting 
shop would operate on coal, and the available blast- 
furnace gas would not be sufficient to generate 
all the electric power required. Therefore, merely 
from the point of view of surplus gas utilization, 
there is no direct advantage in this case in 
operating a coke-oven plant. 

In the case of a coke consumption of 21 cwt./ton 
of iron, the same general arrangement of gas 
utilization would apply, but, in this instance, 
there would be a surplus of 17:5 therms available 
for the generation of electric power. If a coking 
plant is not included, the melting shop would 
again operate on coal, and the available blast- 
furnace gas would just balance that required for 
the generation of the electric power. Therefore, 
for the general conditions of plant operation so 
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far assumed, this coke-consumption figure repre- 
sents the borderline beyond which the operation 
of a coke-oven plant becomes a material factor 
in the utilization of surplus gas. Having other- 
wise determined that a blast-furnace plant shall 
operate with a coke consumption appreciably in 


TaBLe I.—Heat and Fuel Available and Required 
at an Integrated Iron and Steel Works. 


Production and consumption are per ton of iron 
produced. 


Blast-Furnace Plant. 
Coke consumption, cwt./ 


toni. : : ; 18-0 21-0 24:0 
Net coke weight, tons 0:90 1-05 1-20 
Gross coke weight, tons . 0-98 1-14 1-30 
Net gas, therms produced 110 135 164 
Blast-furnace service (ex- 

cluding electric power), 

therms consumed 47-3 56-0 62-5 
Surplus gas, therms : 62-7 79-0 101-5 | 
Electric power required, 

equivalent therms* . 18 19 21 

Coke-Oven Plant. 
Blast-furnace coke, tons . 0-98 1-14 1-30 
Coal as charged, tons 1-65 1-88 2-15 
Gas, therms produced  . 88 100 115 
Carbonizing gas, therms . 36-3 41-3 47-0 
Steam—process and boost- 

ing, &c. Gas, therms . 14-2 16-1 19-0 
Surplus gas, therms 37°5 42-6 49-0 
Electric power required, 

equivalent therms* . 3:5 4-0 4:5 

Steelworks. For 
For Melting or cae 
Melting Shop. Heating, therms, therms, 
1-23 tons ingots made, B.-F. gas 24 68 5:4 
at 55 therms/ton. C.-O. gas tat j 
Soaking Pits. 
1-23 tons ingots charged, 
at 12-0 therms/ton. B.-F. gas 14-8 
Reheating Furnaces. 
0-98 tons slabs charged, | 18:8 
at 18-0 therms/ton. B.-F. gas 17-6 
Boilers, B.-F. gas 3:6 
104-0 24-2 


* 1 therm equivalent to 5-8 kWh. 


excess of this limiting value for the complete 
utilization of surplus blast-furnace gas, the inclu- 
sion of a coke-oven plant presents considerable 
scope for variation in the application of other 
questions of policy. For instance, only a propor- 
tion of the coke requirements may be produced, 
or only a part of the melting shop may be operated 
with coke-oven or mixed gas and a larger pro- 
portion of power generated or vice versa. It may 
be expedient to sell a part of the iron production, 
or a part of the steel production in the semi- 
finished state. 
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Effect of Irregular Working of the Blast-Furnaces 
and of Future Developments in Blast-Furnace 
Practice. 


The previous comments have been made on 
the basis of blast-furnace gas being available for 
utilization, but it is well known that there are at 
times deficiencies in the production of this gas, 
caused by, for example, a furnace coming off for 
relining, or one or more furnaces failing to pro- 
duce their normal gas output during bad spells or 
in the course of maintenance repairs. Such facts 
have to be given full consideration when assessing 
the merits of power purchased versus power 
generated; in the case of power being generated, 
it has to be decided whether it should be obtained 
from gas- or steam-operated units, bearing in 
mind that the ease and quickness with which a 
boiler can be changed over from blast-furnace gas 
to stand-by fuel are considerations to weigh 
against a possible loss of thermal efficiency. 

What the position will be with the advent of 
gas turbines is not fully clear, as development 
may take place along lines which may have the 
same advantages (from the point of view of stand- 
by fuels) as possessed by steam to-day. 

It may be contended that a stand-by can be 
provided by having gas producers available when 
the melting shop is using mixed gas. The case 
is, however, very different; gas producers must 
either be started up well in advance of being 
required or be kept at the ready, which would no 
doubt involve, in either case, an appreciable 
overall loss of thermal efficiency. Furthermore, 
the disposal of the liberated coke-oven gas might 
not be entirely advantageous. 

When the blast-furnaces are operating on lean 
ores with a low rate of coke consumption, the 
temporary deficiencies in blast-furnace-gas supply 
are likely to be accentuated by recurring periods 
of erratic working at the furnaces, when the need 
of gas storage and of units fitted for use of alter- 
native fuel is all the more pressing. 

With large blast-furnace-gas holders, the re- 
serve of gas will allow sufficient latitude if a 
change over to alternative fuel should be neces- 
sary. In this way fuel waste can be eliminated, 
by avoiding the interference with proper com- 
bustion which may follow the simultaneous use 
of fuels with different characteristics in the same 
unit in order to be prepared for eventualities. 
The gas-holders would also even out the variation 
in quality of the blast-furnace gas inherent in 
erratic working, provided that the gas passes 
through the holders. Incidentally, this is a point 
of some importance when operating blast-furnace- 
gas engines. 

When considering the complete utilization of 
the blast-furnace gas produced, consideration 
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must also be given to the effect of future develop- 
ments in the preparatory treatment of ores on 
the quality and quantity of gas produced and 
available. 

Future developments may be expected on 
the lines of a more extended application of the 
ore-beneficiation processes described by Elliot,* 
and possibly in concentration of the ores by such 
methods as washing, magnetic separation, Xc. 
Such developments in ore treatment may, in 
general, be expected to influence blast-furnace-gas 
quantity and quality in the following directions : 


(1) By reducing the total heat requirements 
in the furnace, resulting in a reduced coke 
consumption at the tuyeres, with a correspond- 
ing reduction in blast volume and in top-gas 
volume per ton of iron. A reduction in calorific 
value is also probable, as it can be assumed 
that the total quantity of CO, from ore reduc- 
tion will tend to remain constant so that, with 
less coke gasified, there will be a lower ratio of 
CO to CO, in the blast-furnace gas leaving the 
furnace. 

(2) By reducing the carbon solution which 
occurs in the bosh or stack as the result of 
direct ore-reduction, or as the result of CO, 
from the carbonates reacting with the iron. 

(The higher ratio of indirect to direct reduc- 
tion which follows an increase in reducibility of 
the ore, together with the external removal 
of CO, by calcination, will—both factors 
tending to reduce the solution of carbon— 
result in a decrease of the amount of CO 
formed, this in turn causing a pronounced 
reduction in the calorific value of the blast- 
furnace gas, and a slight reduction of the gas 
volume.) 

(3) By a direct reduction in the hydrogen 
content of the gas as the result of more complete 
external removal of water from the ore.* 


In addition to these trends towards a reduced 
volume of gas produced per ton of iron and a 
lower calorific value of the gas, the fuel require- 
ments of the external treatment of materials, 
if met by the use of blast-furnace gas, will still 
further reduce the quantity of gas available for 
steelworks or other purposes. Also, the reduction 
in calorific value may raise other problems, such | 
as the increased difficulty (in certain cases of 
usage) of retaining the necessary temperature- 
levels without enrichment of the gas. 

Future developments in blast-furnace practice 
may also take the form of oxygen enrichment of 
the blast, which, if adopted, will raise many 
problems in gas utilization and distribution. In 
particular, the reduced heat-'and power-require- 
ments of the blast, the change in composition 


* The Iron and Steel Institute, 1944, Special Report No. 30. 
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and increased calorific value of the top gas, and 
the consequent reduction in the amount of waste 
gases resulting from its combustion, will have to 
be considered. 

Whatever line future developments may take, 
an adequate number of heat-consuming units 
will have to be equipped for the use of alternative 
fuel. 


Effect of Cleanliness of Blast-Furnace Gas. 


To make the most of the blast-furnace gas 
available, this gas must be cleaned. Different 
views, leading to much discussion, have been 
expressed as to the degree of gas cleanliness 
necessary for the various consuming units. 

Apart from the difficulties of providing gases 
with various degrees of cleanliness (each with 
adequate storage), it would be necessary to balance 
the cost of the extra gas-cleanliness against the 
cost of extra cleaning or repair of the consuming 
equipment and the possible loss of efficiency of 
the units consuming the gas. 

It has been claimed at times that stoves, 
furnaces, boilers, &c., have been able to operate 
on gas possessing a lower degree of cleanliness, 
but it is felt that no sweeping statement can be 
made on this subject without taking into 
consideration the method of gas cleaning. 
Between the dry and the wet methods with 
which the authors are fully acquainted, there 
are marked differences in the results, not so 
much in final dust content, which is somewhat 
similar in both methods, as in the nature and 
general physical condition of the dust remaining, 
and in the temperature of the gas. 

The following remarks may illustrate this state- 
ment : 

On leaving the dry gas-cleaning plant, the gas 
(with a dust content below 0-01 g./cu.m.) is well 
above its dew point, the temperature of the gas 
being some 60 to 70° C. above that of the atmo- 
sphere. Under these conditions there is no 
deposition of residual dust and the gas delivery 
header and mains in the immediate neighbourhood 
remain clean, but further along the main deposi- 
tion of dust begins to take place, evidently at a 
very slow rate. This deposition starts at points 
where the average gas temperature is still above 
the dew point of the gas, and is probably caused 
by local cooling on the walls of the main, the 
hygroscopic nature of the dust possibly also having 
an influence on the adhesion of the deposits. The 
deposition continues until the gas is well below 
its dew point, when conditions seem to be reached 
in which the water condensed from the gas is 
sufficient to wash any further deposits into the 
drains; from this point the mains are clean. 
Furthermore, alkaline dust being the finest, a 
high proportion of this dust will remain in the 
gas after cleaning, to the detriment of any brick- 
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work with which the hot products of combustion 
may come in contact. The location of the 
consuming unit in relation to the gas-cleaning 
plant has thus to be considered. 

In the case of the wet process, the dust (free 
from the alkalies, which have been dissolved) 
remaining in the gas, having already been wetted 
as a result of the process, is almost wholly 
entrained by the water in suspension and of 
condensation and such dust will easily flow 
to the drains upon deposition, with the result 
that a main from a wet-cleaning plant always 
remains cleaner than that from a dry-cleaning 
plant. 

Incidentally, a further point worthy of mention 
in connection with dry cleaning is the possibility 
of the dust removed from the gas-cleaning plant 
reaching a state where the amount of heat 
generated in it, in excess of that liberated by 
natural cooling, is high enough to set fire to 
combustible material such as bags, wooden 
wagons, &c., in which the dust may be contained 
or with which it comes in contact, this “ spon- 
taneous combustion ” being caused by the presence 
of pyrophoric iron in the dry dust. 

The use of dirty blast-furnace gas at a distance 
from the point of production has to a large 
extent ceased, but some ironworks units still 
have to make do with it and suffer all the con- 
comitant evils: Incomplete combustion in stoves 
and boilers (sometimes even further accentuated 
by the presence in the dust of combustion 
inhibitors), poor efficiencies of the stoves as a 
result of dust deposition and glazing of the brick- 
work (causing a lessening of the conductivity of 
the surface layer of the checkers and necessitating 
more frequent stove changes), and excessive 
radiation losses owing to more stoves having to 
be put into commission. It is sincerely hoped 
that the increased value of fuel will lead works 
managements to give more sympathetic considera- 
tion to any suggestions from their respective 
fuel departments towards elimination of the use 
of gas in this condition. 


Gas Control. 


When the operation of the steelworks depends 
largely on the supply of blast-furnace and/or 
coke-oven gas, it is necessary to arrange a system 
of co-ordination of gas production and distribu- 
tion; such a system is especially necessary for 
control (as far as control in such circumstances is 
possible) of the off-blast periods of the blast 
furnaces. a 

The co-ordination can best take the form of a 
properly manned and equipped  gas-control 
station, but in its absence a makeshift organiza- 
tion will go a long way towards eliminating potential 
trouble. 

The bases of any form of gas control are gas 
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measurement and the certainty that the amount 
of gas allocated to any particular consuming 
unit will remain at the set figure until a change 
is warranted. The benefits to be derived from 
the judicious use of industrial measuring instru- 
ments in the achievement of fuel economy have 
by now been fully recognized and, wherever the 
works management is progressive, full considera- 
tion is given for the provision of such instruments 
in the design of new plants. 

With regard to existing plants, the instrumenta- 
tion of some of them with even the minimum 
number of instruments may be difficult, owing to 
the layout of the works. In such cases the works 
fuel department has to manage with information 
which is far from being complete. 

Generally, the extent of the instrumentation 
will depend on the amount of information re- 
quired by the plant management, the fuel depart- 
ment, the cost department, and the plant operator. 

The tendency towards a better-educated type 
of operator, able to reap the benefits of instru- 
mentation, necessitates that adequate provision be 
made for the maintenance of the instruments, 
and it is nowadays quite common for iron 
and steel works to have a properly equipped 
instrument maintenance department. 

More and more use is also being made of auto- 
’ matic regulators for the control of air and gas 
volume, pressure, and temperature. Control of 
this kind has developed to such an extent that it 
may soon be necessary for plant items to be 
designed for being automatically 
rather than simply having automatic controllers 
fitted to them. ‘ 

A further development of automatic regulation 
will be for the remote control of certain co- 
ordinated units (e.g., gas boosters in Ne RT 
plants); such a trend is already evident and may 
in time make attendance unnecessary. 


Application of By-Product Gases. 
Integrated Works. 


Apart from considerations of economics (which 
may have the larger bearing on the question), the 
choice of where best to utilize the by-product 
gases should resolve itself into the consideration 
of desiderata connected with the temperature to 
be attained and metallurgical factors (so far as 
furnaces are concerned); with boilers the neces- 
sity of making provision for the use of auxiliary 


_ fuels is the chief consideration. 


It would thus seem that in the case of inte- 
grated iron and steel plants with coke ovens, the 
question as to whether the melting furnaces 
should be fired with coke-oven gas mixed with 
blast-furnace gas or with a tar fuel can be 
answered from the strictly fuel point of view by 
employing the method which will ensure the full 
utilization of the by-product gases available. 
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In the case of soaking pits and reheating 
furnaces, when enough blast-furnace gas is 
available the addition of coke-oven gas as a 
boosting agent should generally be limited (for 
metallurgical reasons) to use in the latter. 
Although the addition of coke-oven gas to blast- 
furnace gas may permit a simplification of soaking- 
pit design, to dispense with the preheating of the 
gas is not thermally economical. 

As for the boilers, the question of solid versus 
liquid fuel as stand-by is again mainly one of 
economics, but when assessing the merits of 
pulverized fuel versus stokers one would tend to 
favour the former, as none of the special pre- 
cautions required by stokers when gas is used as 
the normal fuel are necessary for the stand-by 
use of pulverized fuel. 

When it has to be decided which units should 
first be taken off blast-furnace gas during periods 
of scarcity, it may be found that the least 
thermally efficient will show the greatest improve- 
ment when changed over to the alternative fuel; 
in this way the maximum amount of blast- 
furnace gas will be liberated for the use of the 
minimum amount of the other fuel. There may, 
however, be some other considerations to influence 
the order of priority. 


Non-Integrated Works. 


When coke-oven gas is available in non- 
integrated steelworks, it offers decided advantages 
as a source of high-grade heat. Care should be 
taken to ensure that this gas is applied, as far as 
possible, to processes where it can be utilized to 
the best thermal advantage. It should therefore 
be reserved for high-temperature processes. Where 
clean or raw producer gas is available, such fuel 
should accordingly be used for drying purposes 
and other low-temperature applications, where 
conditions permit. In special cases other advan- 
tages may outweigh these considerations. 

The replacement value of coke-oven gas varies 
according to the purpose for which it is used; 
speaking generally, and from the standpoint of 
economics, it has its greatest value when used in 
small heating furnaces and its lowest value when 
used for drying purposes or as a supplementary 
fuel for steam-raising. Coke-oven gas should not 
be used for the latter purpose unless the gas 
would otherwise be lost at the coke-oven-plant 
bleeder. 

Increases in thermal efficiency of from 15 to 
50%, together with increased output, are possible 
by the replacement of producer gas and direct 
coal firing by coke-oven-gas firing in reheating 
furnaces. Of course, the increased efficiency 
attainable varies according to the efficiency of the 
furnace before conversion ; thus, small direct coal- 
fired furnaces which have a low thermal efficiency 
show the greatest improvement when fired by 
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coke-oven gas. The coke-oven gas has therefore 
a high replacement value on such furnaces. On 
the other hand, where coke-oven gas replaces 
producer gas on an efficient continuous mill- 
furnace, the increase in thermal efficiency is 
comparatively small and may correspond only to 
the saving of the gas-producer heat losses. The 
order in which coal- and _ producer-gas-fired 
furnaces should be converted to coke-oven-gas 
firing, commencing with those on which the 
greatest savings can be made, is as follows : 


(1) ‘‘In and out” direct coal-fired furnaces. 
(2) Coal-fired continuous furnaces. 

(3) Producer-gas-fired “in and out ”’ furnaces. 
(4) Producer-gas-fired continuous furnaces. 


The heat-consumption/output chart (Fig. 4) 
for an ‘“‘in and out” mill furnace when coal- 
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Fic. 4.—Heat-Consumption/Output Curves for ‘‘ In and 
Out ” Type Mill Furnace, before and after conversion 
to coke-oven-gas firing. (Crosses indicate average 
operation.) 


fired and after conversion to coke-oven-gas firing, 
illustrates the reduction in heat consumption and 
the increase in output possible in such furnaces. 
In this particular case the converted furnace is 
now doing the work of two coal-fired furnaces. 

While it may be claimed that the application 
of coke-oven gas (in amounts of up to 10% of 
the total heat input in the open-hearth furnace) 
as a supplementary fuel to producer gas may give 
some help during melting, it has been the authors’ 
experience that the replacement value of coke- 
oven gas used in this way is low, being that of an 
equal number of thermal units of producer gas. 

When there is sufficient coke-oven gas available 
(after satisfying the demands of the reheating 
furnaces) to permit 100% coke-oven-gas firing of 
the open-hearth furnaces, then the position is 
altered and the coke-oven gas has a greater value 
because of the elimination of producer costs. 
It is rarely possible to do this on account of the 
large quantities of coke-oven gas involved (such 
quantities may amount to, say, 90,000 cu. ft./hr. 
for one 80-ton furnace). 
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As in the case of the distribution of blast- 
furnace gas, adequate gas-holder capacity is 
necessary, not only to balance the rates of supply 
and demand but to provide storage for the gas 
produced during week-ends, when the steel plant 
is not working. Similarly, adequate instrumenta- 
tion, pressure regulation, and a central gas- 
control station are necessary for the efficient 
distribution of coke-oven gas supplies. 

The supply of coke-oven gas is generally 
regular in quantity and quality, in contrast to 
the variable nature of the blast-furnace gas 
supply ; under normal conditionsit is not necessary, 
with a properly designed and organized plant, to 
make provision for an alternative to coke-oven-gas 
firing of steelworks plant. During the war and 
at the present time, however, owing to the reduced 
amount of coke-oven gas available, it has been 
necessary to make good such deficiencies by the 
use of other fuels. 


Heat Conservation. 


The open-hearth furnaces in a steelworks are 
the major fuel consumers and for this reason 
alone demand special attention. It is desirable 
that a technical staff be allocated to, and entirely 
engaged upon, fuel utilization and control in the 
melting shop. 

Good instrumentation is essential for the 
guidance of the furnace operator and to provide 
data for the efficient technical control of the 
furnaces. 

Open-hearth furnace design has not funda- 
mentally changed since the introduction of the 
process, and there is considerable scope for basic 
research on the subject. 

The major heat losses (from the furnace struc- 
ture and the waste gases) amount to some 60 to 
70% of the heat input, as shown in the Sankey 
diagram (Fig. 1). An important factor affecting 
open-hearth efficiency is the small temperature- 
difference permissible, in view of the danger of 
melting the refractories. The provision of satis- 
factory, bricks which will stand up to higher 
temperatures would improve the heat transmission 
to the charge and give increased rates of pro- 
duction; the use of such bricks would also permit 
the insulation of the furnace walls and roof and, 
in this way, reduce the structure losses to a 
material extent. 

The principle of heat regeneration, making use 
of a portion of the heat content of the waste gases, 
which made the open-hearth furnace practicable 
has paved the way for general development of the 
technique of heat recuperation. The equipment 
used for the purpose may form an integral part 
of the unit or it may act as an ancillary, 
depending upon whether a certain amount of 
preheating of the gas and air used is essential 
or whether economic considerations dictate the 
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preferential employment of the waste heat in 
another direction. 

When preheating the incoming air (or gas and 
air) the flame temperature may set a limit 
to the amount of direct recuperation desired 
but, in the case of a low-calorific-value gas (such 
as blast-furnace gas), a high degree of preheating 
is generally necessary ; for maximum recovery it 
is imperative that the gas and air both be pre- 
heated, because of the ratio of waste gases to 
incoming air and gas and of the closeness of their 
specific heats. 

The defects inherent in brick regenerators and 
recuperators have led to increased use of the 
metal-type recuperator, especially for tempera- 
tures below 800° C.; by taking advantage of the 
relatively high heat conductivity and low heat 
capacity of metal in contrast to brick, a good 
performance can be achieved in a much smaller 
space. It is a feature of the metal-type re- 
cuperator that the gas velocity is relatively 
high; consequently there may be an appreciable 
pressure loss through the unit, both on the waste- 
gas side and on the gas or air side. Because of 
this (and also on account of the further reduction 
in waste-gas temperature) it is usually necessary, 
for the proper operation of the furnace, to use 
boosting and exhaust fans; these fans will con- 
sume in power the equivalent of only 5-10% 
of the heat recovered. 

The application of waste-heat boilers to furnaces 
provides a suitable method for recovery of the 
heat in flue gases, which cannot otherwise be 
returned to the furnace. The best case for a 
waste-heat boiler can usually be made for a unit 
with a large heat throughput (provided, of course, 
that the temperature of the waste gases is suffi- 
ciently high). The open-hearth furnace is a 
typical example of such an application. In such 
cases waste-heat boilers may result in the re- 
covery of from 30 to 50% of the heat contained 
in the flue gases. The amount of steam generated 
is from 3000 to 15,000 lb./hr., depending upon 
the size of the furnace. Boilers used for this 
work should be of the high-velocity fire-tube type. 

As regards reheating furnaces, particular care 
is necessary to ensure that an economic case 
for waste-heat boilers can be made out. Used 
with some of the old type of coal-fired reheating 
furnaces of large production capacity, waste-heat 
boilers can (and do) save considerable amounts 
of fuel. The policy here, however, should be the 
replacement of such furnaces by more efficient 
types which make the use of waste-heat boilers 
as an item of fuel economy unnecessary ; reheating 
furnaces (with the exception of direct coal-fired 
furnaces) working at temperatures up to 1350° C. 
can, and should, be designed with this end in view. 

As far as heat conservation in general is con- 
cerned, there are stages in the steelmaking process 
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where more care should be taken. For instance, 
it has been said that heat is required to cool 
ingots from the casting to the rolling temperature ; 
this statement, by its apparent absurdity, forcibly 
draws attention to waste of heat at this inter- 
mediate stage. A plant obtaining its steel from 
Bessemer converters is evidently better placed 
(from the point of view of heat conservation) 
than one making steel in large open-hearth tilting 
furnaces, where the amount of metal obtained 
from each cast is such that, without efficient 
planning, much heat loss is likely to occur. Some 
relief may be obtained by the use of Gjers pits, 
but particular attention must be paid to the 
design of these in order to ensure that their heat 
capacity is at a minimum, so that no more heat is 
lost from the ingot than that which is necessary 
to permit the temperature to even itself across 
the ingot section during the passage through the 
soaking pits. 


IlI.—Proaress ACHIEVED. 


In 1930, fuel departments were started in all 
the main works of The United Steel Companies to 
give specialized attention to the important sub- 
ject of fuel economy. 

As the result of close co-operation with the 
works departments, definite progress has been 
made. An outline of what has been achieved 
during the last decade is given below. 


Old Blast-Furnace Plants. 


Twelve hot-blast stoves have been relined for 
use with clean blast-furnace gas, the new burners 
being equipped with automatic air/gas ratio 
control. The present thermal efficiency of the 
stoves is 90% (against 65° previously), with 
further economies resulting from the smaller 
number of stoves in use. 

The increased consumption of clean blast- 
furnace gas has necessitated the enlargement of 
the dry gas-cleaning plants by two units, and the 
development of an improved technique of clean- 
ing-plant operation which permits 25% more 
output of gas without lowering the standard of 
cleanliness. 

As far as possible, advantage has been taken of 
the dismantling of old plants to improve the 
layout of gas mains and so decrease pressure 
losses. 


New Blast-Furnace Plant. 


The modern South Ironworks Plant of the 
Appleby-Frodingham Steel Company has received, 
in the design of units concerned with fuel utiliza- 
tion, the full benefit of accumulated experience ; 
particular attention has been given to ensure 
that pumps, gas-cleaning fans, gas boosters, &c., 
have their best efficiencies at or close to their 
normal duties. 
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In this connection, experience with the wet 
gas-cleaning disintegrators fitted at this plant is 
of interest. When first erected they greatly 
exceeded the specified power consumption; sub- 
sequent alterations made by the makers with a 
view to reducing the power required had also 
the effect of greatly increasing the throughput of 
gas without decreasing the degree of cleanliness. 


Melting Furnaces. 


The development in connection with open- 
hearth melting furnaces has been the complete 
rebuilding of a number of furnaces at the Temple- 
borough and the Stocksbridge Works to modern 
Maerz and Venturi designs. This work has been 
completed at Stocksbridge and is continuing at 
the Templeborough Works, where provision has 
also been made for the use of coke-oven gas for 
ancillary purposes and for supplementing producer 
gas in the furnaces. 

At the Appleby Works the melting shop has 
been enlarged by the addition of three up-to-date 
tilting furnaces and one mixer. Since the coke- 
oven plant has been put in operation the main fuel 
used is mixed blast-furnace and coke-oven gas. 

For some years past it has been the policy to 
strengthen the control of fuel utilization in the 
melting shops by the employment of technical 
staff. 


Heating Furnaces. 


As the result of closer supervision by the fuel 
departments, all heating furnaces are better 
insulated and maintained (from the fuel-utiliza- 
tion point of view); more attention is also paid 
to the utilization of furnace capacities. 

The main feature at the Templeborough Works 
has been the replacement of solid fuel and pro- 
ducer gas by coke-oven gas on a large number of 
furnaces. Where producer-gas firmg has been 
retained, metallic-type recuperators have been 
installed to give higher furnace efficiencies. 
Similarly, at the Stocksbridge Works the trend 
has been the replacement of direct coal-fired 
furnaces by producer-gas-fired furnaces fitted with 
metallic recuperators. 

Owing to war conditions causing a shortage of 
coke-oven gas, it has been necessary at Steel, 
Peech and Tozer’s Works to convert certain 
furnaces back to coal and producer-gas firing. 
When coal firing has been re-introduced, underfeed 
stokers have mainly been employed, thus obtain- 
ing a greater efficiency than by hand firing. 
Similar difficulties at the works of Samuel Fox 
and Company have been met by the use of clean 
coke producer gas and raw coal producer gas. 

All the old regenerative soaking pits at the 
Templeborough Works have been replaced by 
modern recuperative pits, giving a reduced fuel 
consumption. Also, the 40-in. cogging mill at 
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these works has been replaced by a new 43-in. 
mill; this latter change has resulted in a reduced 
power consumption. 

Preheating the ingots in continuous bogie 
furnaces has been introduced at Frodingham and 
at Appleby. At Appleby a new soaker, with air 
regeneration and gas preheating in a metal re- 
cuperator, has been built, and continuous bogie 
furnaces (heated with enriched blast-furnace gas) 
are now used for heating slabs to rolling tem- 
perature. 

At the works of Samuel Fox and Company a 
similar furnace, fired with producer gas, heats 
cold ingots to rolling temperature. 

Substantial improvement in fuel economy has 
been achieved at the Frodingham 15-in. mill 
furnace by increasing the proportion of hot-charged 
billets. 

The Frodingham cogging and finishing mills 
are in the process of being converted from steam 
to electric drive. New soakers, fully instrumented _ 
and controlled, will be provided. 


Gas Distribution and Control. 


Templeborough Works. 


In 1933, a coke-oven gas supply was introduced 
with the completion of a pipe-line connecting the 
steelworks with The United Steel Companies’ 
Orgreave.coke-oven plant. This measure formed 
part of a forward policy which to-day is being 
carried a stage farther. 

The gas-distribution system is 
diagrammatically in Fig. 5. 

The gas from the coke-oven plant, delivered to 
the steelworks through a 16-in. main three miles 
in length, is compressed to a pressure of 134 
lb./sq.in. at the coke-oven plant and reaches the 
steelworks gas-control station at a pressure of 
9 lb./sq.in.; it is there reduced to, and controlled 
at, 6 lb./sq.in. for distribution. / 

The coke-oven gas is used at a pressure of 6 lb./ 
sq.in. in the non-recuperative furnaces, but the 
pressure is reduced to 6 in. W.G. for the cogging- 
mill soaking pits and the Templeborough melting 
shop, as shown in the diagram. 

The use and distribution of the gas is super- 
vised from the central control house, where an 
attendant is always on duty and in touch with the 
coke-oven plant personnel and the gas super- 
visors in the steelworks. The control house is 
fitted with distant indicators showing the gas 
flow at various points in the system. A system 
of priority is used to adjust the demand to the 
supply. . 

It will be noted that a 3,000,000-cu. ft. gas- 
holder, situated at the coke-oven plant, is used 
to store a proportion of the week-end gas make 
and to assist in balancing the supply and demand. 
The gas-holder is gradually emptied throughout 
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Fic. 5,—Coke-Oven-Gas Distribution for Templeborough Works. 
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the steelworks working week, according to an 
arranged schedule. 

The gas supply from the Orgreave coke ovens 
is to be increased following the completion of 
additional ovens and the laying of a new 18-in. 
pipe-line over a distance of fourteen miles to 
supply coke-oven gas to the works of Samuel 
Fox and Company. Two additional gas-holders 
of 3,000,000 cu. ft. capacity are to be installed, 
one at the coke-oven plant and one at Stocks- 
bridge. Additional coke-oven gas will also be 
made available for the works of Steel, Peech and 
Tozer by this extension. 


Appleby-Frodingham Works. 


The starting of the South Ironworks and Coke- 
Oven Plants, followed immediately by considera- 
tions connected with air-raid precautions, brought 
to a head the necessity for central gas control. 
The organization had to be treated as an emergency 
one and, so far, it has not been completed by 
the addition of a full complement of instruments. 

The system of gas control, besides assuring a 
fair distribution of the blast-furnace and the 
coke-oven gases, has also been responsible for 
the more complete staggering of the off-wind 
periods at the blast-furnaces. The responsibility 
for the economic use of alternative fuels rests with 
the gas controllers. The gas-control post is con- 
tinually manned. 


Boilers. 


Much attention is paid to water treatment to 
ensure a suitable water supply to the boilers. 
As a result the boilers have been maintained 
clean and free from corrosion. 

Special care is taken to ensure that proper 
combustion is maintained and that the boilers 
are used at their optimum load. Whenever 
possible, alternative fuel is provided for the 
blast-furnace-gas fired boilers; coal, pulverized 
fuel, and pitch-creosote are the main stand-by 
fuels. 

Among improvements in boiler plants are the 
following : 

At Appleby-Frodingham: Two water-tube 
boilers, 350 Ib./sq.in. pressure, total capacity 
60,000 Ib./hr., supplying steam in a closed circuit 
to a 6250-kW. turbo-alternator. 

A battery of five Lancashire boilers changed to 
clean blast-furnace gas, with resultant increased 
output which normally does away with the 
necessity of using a second battery fired with 
dirty blast-furnace gas. 

At the Stocksbridge Works: Following ex- 
perimental trials, a specially designed boiler, 
with a capacity of 25,000 lb./hr., has been installed 
to burn a low-grade colliery-washery refuse con- 
taining 35 to 42% of ash with a small admixture 
of boiler slack (containing 15° of ash). 
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The refuse, a product of the washery at the 
Stocksbridge Colliery, was previously unusable in 
existing boilers and had to be dumped. ‘This new 
boiler has been entirely successful and effects a 
saving of 5200 tons of good coal per annum. 


Waste-Heat Boilers. 


A number of such boilers are used in the 
Companies’ open-hearth plants and at the blast- 
furnace gas engines, and further boilers are being 
installed. 


Instruments and Regulating Equipment. 


The extent to which instruments and auto- 
matic-control equipment is now being used is 
illustrated by the following examples of that 
provided on the latest open-hearth and continuous 
reheating furnaces. 


Open-Hearth Furnaces. 


Gas-pressure regulator(s). 

Gas-pressure recorder(s). 

Gas-flow recorder(s). 

Air-flow recorder. 

Furnace pressure recorder and controller. 
Gas-checker draught recorder. 
Air-checker draught recorder. 
Stack-draught recorder. 
Roof-temperature recorder. 
Checker-temperature reversal indicators. 
Checker-, flue-gas-, and gas-temperature recorder(s). 


Continuous Two-Zone Slab-Reheaters. 


Total blast-furnace gas-flow recorder. ° 

Total coke-oven gas-flow recorder. 

Mixed-gas flow recorder. 

Blast-furnace gas pressure indicator. 

Coke-oven gas pressure indicator. 

Mixed-gas pressure indicator. 

Gas-mixture regulator. 

Gas-mixture pressure regulator. 

Furnace-temperature recorder and regulator on each 
zone. 

Six-point furnace temperature indicator. 

Air/gas ratio regulator on each zone. 

Furnace-pressure regulator on each zone. 

Furnace-pressure recorder. 

Reversal controller. 


For the maintenance of such instruments a 
fully equipped instrument repair shop with a 
present staff of twenty has been in operation 
at the Appleby-Frodingham Works for the past 
fifteen years. 


Thermal Insulation. 


At all the works much attention has been paid 
for many years to the use of thermal insulation 
for the prevention of heat loss. 

At Appleby-Frodingham this activity cul- 
minated in the formation of a Heat-Insulation 
Department, even before the Ministry of Fuel 
started its strong propaganda on the subject. 
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Present Heat Consumption. 


Diagrams (Figs. 6 and 7) show the present 
heat consumptions at the Templeborough Works 
and at Appleby-Frodingham. The diagrams 
illustrate how war-time and post-war conditions 
have affected the fuel economy of the plants. 

It is interesting to note (Fig. 6) the relatively 
greater heat consumption for materials nearing 
a finished state as compared with semi-finished 
products (such as bars, strip, &c.). This em- 
phasizes the necessity for close attention being 
paid to fuel utilization in the finishing depart- 
ments as well as with the large production units. 
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AppENDIxX.—A Brief Description of Fuel-Using 
Plants. 


APPLEBY-FRODINGHAM WORKS. 
Frodingham Ironworks. 


2 mechanically charged, 17 ft. hearth 
diameter. 
2 hand charged. 


Blast-Furnaces. 


Air Blowing. 1 steam blowing engine. 
5 gas blowing engines. 
Power. 4 gas engines. 
Steam. 8 water-tube boilers—blast-furnace- 


gas fired, with coal as stand-by fuel. 
Gas Cleaning. ldry plant: 3-5 x 10 cu. ft. capacity. 
1 wet plant: 1-1 x 10% cu. ft. capacity. 


North Ironworks. 


2 mechanically charged, 17 ft. hearth- 
diameter. 
2 hand charged. 


Blast-Furnaces. 


Air Blowing. 4 gas blowing engines. 

2 turbo-blowers. 

Power. 6 gas engines. 

3 turbo-alternators. 

Steam. 2 water-tube boilers—blast-furnace- 
gas fired, with pulverized fuel as 
stand-by. 

2 water-tube boilers—blast-furnace- 
gas fired, with pitch-creosote as 
stand-by fuel. 

13 Lancashire boilers—blast-furnace- 
gas fired, with coal as stand-by fuel. 

1 waste-heat boiler on gas engine. 

Ancillaries. 1 static ore-drier. 


1 Greenawalt four-pan sinter plant. 
(Both fired with blast-furnace gas.) 
ldry plant: 5-8 x 10° cu. ft. capacity. 


Gas Cleaning. 
ldry: 2 x 108 cu. ft. capacity. 


Gas Holder. 


South Ironworks (started 1939). 


Blast-Furnaces. 2 mechanically charged, 22 ft. hearth- 
diameter. 


Air-Blowing. 3 gas blowing engines. 


FUEL UTILIZATION IN IRON AND STEEL WORKS. 


Steam. 


Ancillaries. 


Gas Cleaning. 


Gas-Holder. 


Ovens. 


Gas- Holder. 
Steam. 


Melting Shop. 


Mills. 


Soakers. 


Reheaters 


Steam. 


Power. 


Melting Shop. 


Mills. 


Soakers. 


LIZ 


3 waste-heat boilers on gas blowing 
engines. 

2 Economic boilers—blast-furnace-gas 
fired, with pitch-creosote as stand- 
by fuel. 

2 rotary ore-driers. 

1 two-strand Dwight-Lloyd 
plant. 

(Both fired with blast-furnace gas.) 

1 wet plant: About 11 x 10° cu. ft. 
capacity. 

1 small electrostatic-type plant, for 
supply of gas to gas blowing en- 
gines. 

1 wet: 3 X 108 cu. ft. capacity. 


sinter 


Coke-Oven Plant. 


Normal production: 5500 tons of blast- 
furnace coke per week. 

0-54 x 10° cu. ft. coke-oven gas per 
hour, 

1 wet: 3 X 108 cu. ft. capacity. 

3 water-tube boilers—blast-furnace- or 
coke-oven-gas_ fired, with pitch- 
creosote as stand-by fuel. 


Frodingham Steelworks. 


4 tilting furnaces. Capacities: 120- 
175 tons each. Fired with producer 
gas enriched with coke-oven gas. 
active mixer. Capacity: 400 tons. 
Fired with blast-furnace or coke- 
oven gas. 

1 36-in. two-high cogging mill. 

1 32-in. two-high finishing mill. 

(Both steam driven.) 

1 15-in. three-high electrically driven 
mill. 

1 blast-furnace-gas fired bogie-type 
continuous preheater, with metallic 
air recuperator. 

4 top-charged—blast-furnace-gas fired, 
with air and gas regenerators. 

1 side-charged—blast-furnace-gas fired 
(for 32-in. mill). 

1 continuous pusher-type—blast-fur- 
nace-gas fired (for 15-in. mill). 
(Both with air and gas regenerators.) 

14 Lancashire boilers—blast-furnace- 
gas fired, with coal as stand-by fuel. 

2 water-tube boilers—blast-furnace-gas 
fired. 

2 mixed-pressure turbo-alternators, 
operating from mill engines’ exhaust. 


— 


Appleby Steelworks. 


7 tilting furnaces of 250 and 300 tons 
capacity. 
2 active mixers of 500 tons capacity. 
(All fired with mixed blast-furnace 
and coke-oven gas, with producer- 
gas as stand-by firing.) 
1 two-high slabbing mill. 
1 two-stand two-high 7-ft. plate mill. 
1 two-stand two-high 10-ft. plate mill. 
(All electrically driven.) 
3 Gjers pits, each with six compart- 
ments. 
1 bogie-type continuous preheater. 
(Blast-furnace-gas fired, with metal 
air recuperator.) 
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Soakers. 


Reheaters. 


Ancillaries. 


Steam. 
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3 blast-furnace-gas fired, top-charged, 
with gas and air regenerators. 
blast-furnace-gas fired, top-charged, 
with air regenerators and metal gas 
recuperator. 

blast-furnace-gas fired (gas enriched 
if necessary with coke-oven gas). 
Side-charged, with gas and air re- 
generators. 

bogie-type continuous, with air re- 
generators, fired with mixed blast- 
furnace and coke-oven gas. 

1 normalizing furnace, 7 ft. wide, 
blast-furnace-gas fired, with gas and 
air recuperators. 

annealing furnace, 12 ft. wide, blast- 
furnace-gas fired, with air regenera- 
tors and metal gas recuperator. 


— 


ie) 


ies) 


= 


2 water-tube boilers—blast-furnace- 


gas fired. 


TEMPLEBOROUGH OPEN-HEARTH MELTING SHOP AND 


Melting Shop. 


Steam. 


Cogging, Billet, 
and Slab 
Mills. 


MItLs. 


14 open-hearth furnaces,  80-ton 
fixed-type, operated on cold iron and 


scrap, and fired with producer gas ° 


from fourteen gas producers (10 ft. 
and 11 ft. in dia.); 
necessary with coke-oven gas intro- 
duced before the regenerators. 


Coke-oven gas also used for drying 


and preliminary heating of furnaces, 
drying of launders and ladles, and 
for heating of brick-tarring plant. 

3 Lancashire boilers (30 x 9 ft.) auto- 
stoker fired. 

1 43-in. cogging mill (installed 1944), 
electrically driven by 15,500 h.p., 
D.C. motor, coupled to Llgner set; 


gas enriched if 


Soakers. 


Steam. 


Bar Mill. 


Reheater. 


Strip Mill. 


Reheater. 


— 


il 
1 
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designed for rolling up to 44-ton in- 
gots and 7-in. sq. blooms. 
four-stand 21-in. continuous billet- 
mill and 

six-stand 18-in. continuous billet- 
mill, driven by common 5000-h.p. 
synchronous motor. 

30-in. roughing mill, driven by 7000- 
h.p. motor. 
two-stand 21-in. slab mill, driven by 
1250-h.p. motor. 


32 cell soaking-pits (22 fired with pro- 


ducer gas, 10 fired with coke-oven 
gas). Each cell holds eight 32?-ton 
ingots. 


2 small furnaces, fired by high-pressure 


ee — ee bo 


— 


coke-oven gas (for preheating high- 

carbon ingots). 

(Producer gas from three 11-ft. dia. 

gas producers. Coke-oven gas at 540 

B.Th.U./cu.ft. from the works 

supply system). 

Lancashire boilers (30 x 9 ft.) auto- 
stoker fired. 

six-stand 14-in. roughing mill and 
four-stand 12-in. finishing mill, 

driven by 3000-h.p. motor. 
continuous furnace, 30 ft. wide x 
40 ft. long. Capacity 40 tons/hr., 

producer-gas fired. 

(Producer gas from two 10-ft. dia. 

gas producers.) 

six-stand 12-in. roughing mill. 

six-stand 12-in. finishing mill. 
(Driven respectively by 1500 and 

2500-h.p., A.C. motors.) 

continuous furnace, 30 ft. x 20 ft. 

Capacity: 20 tons/hr., producer-gas 

fired. Producer gas from one 11-ft. 
dia. gas producer. 


[This paper was discussed jointly with the preceding two by M. Tigerschidld on ‘‘ Fuel Problems in the Swedish Iron and Steel 


Industry ’’ and by C. Hulse and R. J. Sarjant on ‘‘ Problems in Fuel Efficiency.’’] 
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Discussion on 


FUEL EFFICIENCY IN IRON AND 


STEEL WORKS. 


The following three papers were discussed jointly : ‘‘ Fuel Problems in the Swedish Iron and Steel 
Industry,” by M. Tigerschiéld ; ‘“ Problems in Fuel Efficiency,” by C. Hulse and R. J. Sarjant ; and 
“ Fuel Utilization in Iron and Steel Works,” by N. H. Turner and F. A. Gray. 


Mr. J. B. M. Mason (Ministry of Fuel and 
Power): Permit me to express the appreciation 
of the Ministry of Fuel and Power for the manner 
in which the Institute has devoted a large part 
of its programme at this meeting to the study of 
fuel utilization in iron and steel works. In giving 
pride of place to such a subject, the largest pro- 
cessing industry has realized the serious fuel 
position of the country, and the papers which have 
been presented are an excellent contribution. 
I only hope that the valuable information given 
is universally applied, for much still remains to 
be done in the efficient utilization of fuel. I 
should like to thank the many individual members 
of the Institute who have given their assistance 
in furthering the advancement of correct fuel 
utilization during the war years, and to pay tribute 
to the work which has been done in that connection 
by Mr. E. C. Evans; his ingenuity and drive have 
been of great value in the setting up of the new 
research organization and its committees. 

I am sure, however, that the authors of the 
papers will be among the first to admit that a 
high proportion of the fuels now being consumed 
in the iron and steel industry could be saved 
without in any way militating the productivity of 
the undertakings and the quality of their products. 
This is the first Annual Meeting of the Institute 
after the successful termination of the second 
world war, and I am sure that every member here 
must be proud to belong to the British iron and 
steel industry, an industry which has given of 
its best during the war years; proud of its 
increasing productivity and of the number of its 
products; but I ask you, are you proud of the 
fuel utilization in your respective works ? 


Dr. R. J. Sansant: No. 


Mr. Mason: Thank you, Dr. Sarjant. I am 
sure that you are not. Much still remains to be 
accomplished. From the coke ovens to the 
finished article there are many heat leakages, and 
it is only by the constant attention of properly 
qualified men that these leakages can be traced 
and plugged. I should say that the iron and steel 
undertakings have the largest proportion of 
qualified fuel technologists operating at the present 
time, but I know that even the largest firms 
require more qualified men, and that undertakings 
of small and medium size have room for the 
employment of such technicians. 


Research on fuel problems will receive a great 
impetus from the committees which have been 
set up. I happen to be a member of the Fuel 
Committee, and I have never had the pleasure 
of sitting on a stronger committee. I am looking 
forward to great results in the field of fuel utiliza- 
tion from the findings of that Committee, and I 
should like to pledge the full support of my 
Ministry in all the activities of your industry 
which are directed towards economy in the 
utilization of fuel. 

We should welcome the establishment and 
development of a strong fuel department in every 
works, except, of course, the very smallest. 
Such departments would be responsible for seeing 
that existing knowledge of fuel utilization is 
properly applied, and that new problems in which 
research is required are brought to the notice of 
the Committee. Research in all aspects of iron 
and steel processing is receiving the attention to 
which it is entitled, and we are very pleased to see 
that in the programme of work, economy in the 
use of heat and power holds a very high position ; 
but although research is of the utmost importance 
if the high position which the iron and steel 
industry has established is to be retained, I should 
like again to emphasize the necessity of applying 
in all your works the wide knowledge on fuel 
utilization that already exists. That, in a very 
short time, would itself make the industry as a 
whole much more thermally efficient. 

I know that you have heard all this before ad 
nauseam. I am not gifted with great powers of 
rhetoric, and therefore cannot correctly stress in 
words the importance of the subject; but I know 
that unless we direct our united efforts to the 
saving of all classes of fuel during the next two 
years, we shall not continue to maintain our 
position as one of the greatest nations in the world. 
We have built our success as a nation on coal, and 
we can hold that position only by using coal 
skilfully and well. The fuel position is becoming 
critical. Coal stocks have shrunk from 10,000,000 
tons to 6,000,000 tons during the course of the 
last twelve months. They are still shrinking and 
will continue to do so unless we quickly stop our 
extravagant fuel usage. Plant conversion to oil 
fuel will help, but it will not be until the late 
autumn that the stocks of oil in this country will 
be sufficiently built up to enable industry, and 
especially large consumers such as yourselves, to 
change over a proportion of your plant to oil. 
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No heat wastage is too small to ignore. The 
papers have very rightly emphasized the impor- 
tance of paying close attention to fuel utilization 
in the finishing departments, because it is there 
that extraordinary savings can be effected. 
During the war years your industry was faced 
with the utilization of strange fuels—but not half 
so strange as those used with equanimity in 
Sweden. You may feel, however, that major 
savings could be made if your undertakings 
could be supplied with more consistent and better 
qualities of fuel as regards both cleanliness and 
grading. My Ministry, of course, have not lost 
sight of this fact; we could not do so, for we are 
continually being reminded of this aspect. As the 
position becomes more normal we shall strive to 
make available the correct fuel to suit the specific 
purpose for which it is being used. This is neces- 
sary if we are eventually to achieve the highest 
processing efficiency. 

Dr. Sarjant, in his paper, and Dr. Desch, in his 
Presidential Address, have rightly emphasized the 
importance of education in our forward planning. 
Dr. Sarjant, as Chairman of the Ministry’s 
Education Sub-Committee, knows of the vast 
amount of work which has been done during the 
war years, but I am afraid that only the surface 
of the problem has been scratched, because 
managements are not providing the incentive 
that is necessary. You are the people who can 
make these plans of ours come to fruition. 

Technically, I should like to see more research 
work on gas producers. Taking the country as a 
whole, if you examine the gas producers you find 
that their average hot-gas efficiency is 70%. 


The iron and steel industry uses 6,000,000 tons. 


of fuel per year in its gas producers. I do not see 
why the hot-gas efficiency of gas producers should 
not be raised to 90%, which would mean the 
saving of 1,000,000 tons of coal. 

Dr. Sarjant made an important reference to 
taking out thermal balances for the whole of your 
undertakings. It emerged strongly in the war 
years that it was not possible to achieve thermal 
efficiency in any undertaking, whether a large 
integrated iron and steel works or a humble 
laundry, unless one could discover where the heat 
was being absorbed. It is necessary to establish 
some kind of “bogey” or standard, so that 
actual practice can be compared with what can 
be achieved. I suggest that there is great room 
for a travelling team, or teams, of qualified fuel 
engineers charged with the task of obtaining 
thermal balances for the various undertakings. 
The teams could travel the country in motor vans 
complete with instruments, and make prolonged 
visits to works in order to assist the resident staff. 

In conclusion, there are one or two points which 
I should like to emphasize: It is necessary to see 
that your old and new plants are correctly 


FUEL EFFICIENCY IN IRON AND STEEL WORKS.—DISCUSSION. 


integrated in order to achieve an overall thermal 
efficiency; that your new plant is fuel-worthy; 
that your entrants, both executive and operative, 
are trained to appreciate the plant which you 
provide, and that they will operate it skilfully so 
as to obtain production efficiency with fuel 
efficiency. 


Mr. G. Doxzry (Messrs. Stewarts and Lloyds, 
Ltd., Corby): I feel that the Institute should be 
very gratified by the extremely high standard of 
these papers and the very wide field which they 
cover. The obvious reaction to Dr. Tigerschiéld’s 
paper is that it makes some of our problems look 
very simple. To effect such a complete change in 
fuel and at the same time to increase output and 
efficiency is a very notable achievement. I feel 
that there are many lessons to be learned from 
the paper. 

The use of metal recuperators instead of re- 
generators for blast heating is noteworthy. I 
should like to ask Dr. Tigerschidld what is the 
life of the elements in these recuperators and 
what is the method of controlling the blast 
temperature. The method with the ordinary 
stove is to heat the blast up to a higher temperature 
than is required, and then to dilute it with cold 
air to the desired temperature; but it seems 
possible that the temperatures obtainable in 
recuperators may be such that there may not be 
that margin of temperature which permits 
dilution. Is the blast temperature controlled 
by controlling the amount of gas burnt in the 
recuperator ? 


Dr. TiGERSCHIOLD: Yes, that is what we do. 


Mr. Doxry: Can you give us any idea of the 
sort of temperature control which is obtained, 
how steady the temperature can be held, and how 
far it is affected by any variation in the calorific 
value or pressure of the gas, or the amount of 
blast which is taken by the furnace? Do you 
control the temperature automatically, or is it 
hand-controlled ? 


Dr. TicErscuH16LtpD: Both. We can control 
the temperature within about 10-15° C. without 
any difficulty, and very often we do it auto- 
matically. 


Mr. Doxry: The paper by Mr. Hulse and Dr. 
Sarjant is a masterly survey of up-to-the-minute 
trends in fuel engineering. Table IV. is of par- 
ticular interest in bringing out clearly the fact 
that steady conditions are hardly ever established 
at any time in any sort of furnace which works the 
ordinary five-day or six-day week, In view of this 
it is to be hoped that the authors and their colla- 
borators will carry forward their method of 
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machine calculation to the fullest possible extent, 
so as to provide approximate solutions for all 
common types of heat-distribution problems, 
both in furnace structures and in the material 
heated. There is still a great deal of scope for 
development, and similar extensions of the avail- 
_ able data on heat transfer in particular cases are 
also urgently required. 

I should like to add one or two items to the list 
of investigations which might be carried out: 
There is the question of burner design from what 
might be called an aerodynamic point of view. 
This is closely tied up with similar problems in the 
furnace, but I have not come across a great deal 
of work on the aerodynamic aspects of burner 
design, and I think that such work might be very 
beneficial. The basic principles of the design of 
gas-cleaning units might also be studied a little 
further. There is a possibility of making simpler, 
cheaper, more efficient, and more compact units. 

In connection with instruments, I would make a 
plea for reasonably priced oxygen recorders for 
the control of combustion in cases where the 
measurement of CO, does not give the information 
desired. Some instruments already exist, but as 
far as I know there is not a great deal of ex- 
perience of them at the moment in this country. 
In this, as in other instrument and regulator 
questions, I think that much might be gained by 
closer co-operation between the industry as a 
whole and the makers of instruments and regu- 
lators, and I feel that it is for us as an industry 
to make our requirements quite clear and precise, 
and to give all the help possible in producing the 
instruments that we need. Contacts could also 
profitably be made with certain other interests, 
such as the chemical industry, where somewhat 
similar problems exist. 

The paper by Messrs. Turner and Gray is a very 
able exposition of the advantages and of some 
of the complicated problems of interconnected 
blast-furnaces, coke ovens, and steelplants. The 
authors are to be congratulated on the very clear 
way in which they have set out the possibilities 
of heat conservation in works of this type, and 
the careful planning which is called for if the 
possible savings are to be achieved. There are 
one or two points in connection with that develop- 
ment which I should like to emphasize, not in 
any way criticizing what the authors have said, 
but bearing out points which they make in their 
paper. 

Generally speaking, works in which the only 
fuel imported is the coal for the coke ovens, and in 
which all the heating is done by by-product gas, 
must waste a considerable amount of the latter. 
Neither production nor consumption is constant. 
Minimum production must cover maximum con- 
sumption if expensive heat delays are to be 
avoided, and at all other times there is a waste of 
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gas. That is why it is so essential to have buffer 
consumers. For maximum flexibility these should 
be of two types: (1) Those in which blast-furnace 
and coke-oven gas are interchangeable, and (2) 
those in which either or both of these fuels can 
replace a third imported fuel so that every scrap 
of by-product gas which can be saved effects a 
direct saving in the imported fuel. Coke ovens are 
the best example of the first type, and in this 
connection the conception of them as “ heat 
transformers’ is a most valuable one. Boilers 
are the commonest example of the second type, 
but power generation may also be an important 
buffer in cases where power is also purchased from 
the grid, purchased power being, of course, 
equivalent to imported fuel. Coke-oven gas- 
holders fulfil a somewhat similar function, although 
the cost of storing the usual large week-end 
surpluses would be, in many cases, prohibitive. 
A question which might well be considered from 
a national point of view, is whether the external 
sale of these very large quantities of surplus gas 
could not be made attractive. This point may be 
of interest to Mr. Mason. 

Blast-furnace gas-holders can never be made 
large enough to have any appreciable heat- 
storage capacity, and their main purpose is to 
provide adequate time for alternative fuels to be 
substituted when blast-furnace gas becomes 
scarce, and to damp out momentary fluctuations 
in supply. 

Tar is also a very valuable by-product fuel— 
in open-hearth plants it is one of the best of all 
fuels—but it is in a different class from the gases 
on account of its greater ease of storage and trans- 
portation, and its value as the basis of the coal-tar 
industry, which open up a wider market for its 
sale. There are thus fewer difficulties in the 
disposal of tar, and any surplus can usually be 
sold profitably. Increases in the market value of 
tar and its products might even make it economic 
to use coal, and to sell or process the tar. 

It is worth noting that there is more than a 
possibility that developments in the chemical in- 
dustry may increase the value of coke-oven gas in 
a similar manner. 

I now come to a point which seems to me to be 
of fundamental importance. The authors very 
rightly point out that future economies in blast- 
furnace practice may lead to much smaller 
quantities of heat in the form of blast-furnace 
and coke-oven gas being available. It cannot be 
too clearly realized that the full benefits of this 
saving can only be attained if the heat require- 
ments of the rest of the works can be corre- 
spondingly reduced, so that reductions in the coal 
requirements of the ovens do not lead to increases 
in those of other departments. 

Now, in the greater number of integrated works, 
fairly efficient use is already made of by-product 
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fuels, and the mere application of up-to-date 
fuel-engineering technique to existing units is not 
going to be enough to enable demand to be re- 
duced in proportion to production. Plant will 
have to be modified or, where necessary, rebuilt 
to make the best possible use of whatever fuels are 
available and, in addition, a very wide survey of 
the whole steelmaking process must be made, 
and all sources of waste heat, e.g., heat in slag, 
in coke, in blow-gases from Bessemer converters, 
and in steel, &c., must be tapped. The heat in the 
coke is sufficient to supply all the live-steam 
demands of the coke-oven department; and the 
heat in the gases from the converters, if it could 
be economically utilized, would be much more than 
sufficient to supply all the steam for the Bessemer 
department. 

Power economy has also to be considered. 
It is probable that future developments in rolling 
and in plant layout may lead to considerable 
reductions in the power requirements of mills. 
In this connection the possibility of major 
changes, such as the continuous casting of semi- 
finished material (billets, strip, &c.), which might 
cut out the gas requirements of soaking pits and 
reheating furnaces and a great part of the power 
requirements of the mills, should not be ignored. 
Some metallurgists may have something to say 
about the possibility of increased use of the 
thermally economical Bessemer process. 

Suggestions such as these are perhaps rather 
revolutionary, but Dr. Tigerschiéld has shown 
that great changes in practice can be carried out 
under the urge of necessity, and bold measures are 
called for if the future is to be faced with 
confidence. 

It is evident that the fuel engineer must be in a 
position to take a very broad view of his work. 
He should be in very close touch with his manage- 
ment, and should have access to all necessary 
costs. And, finally, as he will have to devote so 
much of his time to development work, it is 
evident that he will need to have such staff at his 
disposal as will enable him to get the routine work 
carried out with the minimum of personal 
attention. 


Mr. H. C. Anmstrone (Messrs. Thos. Firth and 
John Brown, Ltd.): I consider it a very great 
compliment, as a visitor, to be asked to come to 
this meeting and take part in the discussion. 
If I can leave you with a healthy dissatisfaction 
with present conditions, I shall think that I have 
repaid the compliment. To my mind, this is a 
tragic occasion; it is surely a tragedy that after 
the worst war that the world has ever known 
we should have these troubles coming from 
another source. We are not getting the coal and 
we are not going to get it. Mr. Mason has referred 
to the necessity for a “bogey.” We have 
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one: In 1939, we produced 231,000,000 tons of 
coal; last year we produced 174,000,000 tons. 
That is a drop of 57,000,000 tons, or 25%. We 
are exporting to-day 3,000,000 tons, but we should 
be exporting, on a pre-war basis, 33,000,000 tons. 
This is a national matter. The steel industry 
is national, but coal is national to everybody. 
You have all to try to save 25%; that is your 
bogey. 

Messrs. Turner and Gray tell us that everything 
they are doing is very good. Well, they have to 
do better. Dr. Sarjant is more honest. He and I 
know that we are both doing very badly, and that 
we have plenty of scope for improvement. 
Managements, however, are not yet fully alive to 
the problem. We must have a re-orientation of 
our ideas, and bring fuel into every question. 

I know that one way of proceeding is to get 
more out of a furnace, but I call that works 
management; that is not fuel efficiency from the 
point of view of the fuel engineer. We have 
to do something more to save our fuel. I have 
been in the fortunate position during the last 
three years of seeing every single iron and steel 
works in the Sheffield and Rotherham districts, 
representing a consumption of something like 
2,000,000 tons of coal per year. I know the sort 
of saving that is possible, but it cannot be done 
until you wake up and realize that you cannot 
have anything that you like to ask for from your 
purchasing department. You cannot simply ask 
your purchasing department to provide you with 
so much coal and think that you are going to get 
it. Mr. Mason has warned you that you are not 
going to get it. In any case nature is not going to 
provide us with such good sulphur coals or with 
quite such high fusion points as we have had 
before. We have to face these facts and do 
something quickly. 

I have said that this is a tragedy. Is it not a 
tragedy that a man like Dr. Sarjant should have 
to say “I told you this 20 years ago”’? I have. 
often disagreed with Dr. Sarjant, but I have never 
agreed with him more than since reading his 
paper. 

It is no use complaining about you without 
telling you what to do. One thing which you 
should do is to take the paper by Mr. Hulse and 
Dr. Sarjant away with you. Works managers, 
fuel engineers, and furnace managers are all 
interested in this subject and they should study 
every line of the paper, and ask themselves 
whether they are doing what is recommended 
in it. There is enough in the paper to keep you 
busy for the next 12 months. 

The paper mentions air/fuel ratio and under- 
feed stokers. I believe that the mechanical 
stoker has a very great future. It is a lazy way 
out to say that you will use gas. Moreover, 
the gas is not available. Coal has the highest and 
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most concentrated heat units and, if we know how 
to use it, it is our finest fuel. The mechanical 
stoker is progressing. Control of the coal/air 
ratio is being practised to-day and is giving 25%, 
economy on top of that obtained by mechanical 
stokers. It is not enough merely to instal a 
mechanical stoker; control of the coal/air ratio 
is essential. I have even seen stokers with the air 
inlet choked. The air/coal ratio is very important. 

My own experience of pulverized fuel is slightly 
disappointing. I am a great believer in it, but 
we need help in overcoming the difficulties of 
the lighting-up period. During that lighting-up 
period a partial low-temperature carbonization 
takes place; incomplete combustion results, the 
“smoke ” being fine coke which blows on to the 
crane tracks, &c. Under the microscope, it can be 
seen to have a coke structure, and if it gets on to 
your machinery and cranes, &c., it grinds them to 
pieces. It is the lighting-up problem with pul- 
verized fuel which causes the trouble and makes 
engineers want to get rid of it. 

On p. 169P of their paper, Mr. Hulse and Dr. 
Sarjant refer to rates of heating in furnaces. 
Dr. Sarjant has done a great deal of valuable 
work on that subject. Those who look after 
heat-treatment are rather like chemists; they 
cover themselves in a miasma of technical terms, 
and they exaggerate their temperature-time to be 
on the safe side when it is unnecessary to do so. 
There is great need for you to consider this heat- 
treatment question and to come to a definite 
decision as metallurgists about what is really 
necessary. JI ask you to examine what Dr. 
Sarjant has to say on this subject, because I 
think that there is no doubt that we are over- 
doing our heat-treatment. 

The authors also mention coke. If any of you 
have to handle coke, I advise you to look out for 
sulphur. Do not forget that sulphur is acid, and 
that you must watch the pH value of all your 
washing water, or you will be in trouble sooner or 
later. ; 

The authors also refer to the gas ratio with 
town’s gas. If you know the speed-of-combustion 
rate for town’s gas, you will appreciate what your 

air/gas ratio means. I can go into most works 
that use producer gas and see the furnaceman 
turn the gas up or down to alter the temperature, 
_ but he never touches his air from one week-end 
to the next. 

Pipe-fitting and engineering is frequently poor. 
You get a clever man in to design a plant and a 
wonderful man to work it, yet you leave it to the 
pipe-fitters to put up the most convenient pipes 
they can, and find that you have 30 or 40 burners 
to alter, with a large number of taps, when you 
ought to have one main control for the air and one 
for the gas. Those are the little ways in which 
you ought to be able to make this necessary 
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saving of 25%. Previously these things have 
been left to someone else, but now you will have 
to deal with them yourselves. 

With regard to waste-heat boilers, I suppose 
that these are advocated by fuel engineers more 
than anything else, and are more disliked by the 
average manager than anything else. I am not 
referring to the melting-shop boiler. Is it not a 
question of psychology ? Under the law, a boiler 
must have an attendant, and if you see this man 
doing nothing you do not like it. The engineer 
says, “this boiler is down for inspection next 
week, and I want the furnace,” and you reply 
“these waste-heat boilers are a nuisance.” 
Recently I came across a case where the boilers 
were definitely very inefficient as boilers. The 
firm in question were getting 99% of the heat from 
the coal into the steel to heat it, yet they were 
getting 9-2° of the heat into the water. They 
could have done a great deal better; you can easily 
get 15°, with an ordinary boiler. 

Many forge managers are not concerned with 
their waste-heat boilers but only with forging 
steel. It is, however, their job to use the steam 
from them and to use the heat in the steam. 
I should like your fuel engineer to tell you con- 
tinually what percentage of your heat you are 
getting into your steel and what percentage you 
are getting into your steam. You should be just 
as interested in the heat in the steam as anything 
else. You must forget this term “‘ waste heat.” 
Speak of “ heat wasted” if you like, but not of 
‘““ waste heat.’ I have asked people why they do 
not lag their waste-heat boilers, and they have 
replied, ““ why should we? They are waste heat.” 

I think the most important fact for us which 
emerges from Dr. Tigerschidld’s paper is the fact 
that people in Sweden have so much belief in pre- 
heat. I should welcome it if under nationaliza- 
tion a law was brought in to say that no one should 
be allowed to put a clean gas furnace into a works 
without recovering the heat. Think what is 
being done all over the country: A burner is 
put into a box and it is called a furnace! You 
ought to be made to recover your heat from gas, 
whether you make it yourself or buy it. 

There is one statement in the paper by Messrs. 
Turner and Gray which may be misleading. 
They say on p. 189 P that it is possible to convert a 
furnace from coal to gas with a saving of up to 
50%. Why? Is it not because the coal furnaces 
are the furnaces put in two generations ago, 
furnaces with no insulation, furnaces which are 
just thrown together? Then you put in a modern 
gas furnace with insulation and proper controls 
and instruments, and you say that you are saving 
50%. It is not right that all that credit should be 
given to the new furnace, when the coal furnace 
has been neglected. Coal is under a cloud, but it 
can be extremely useful. 
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I do not agree with what Mr. Mason has said 
about the training of our men. I take off my hat 
to the man with the shovel. Think of the rotten 
apparatus that we have given to the furnacemen ! 
What they can do with a shovel is astounding. 
I am not at all sure that the education of the 
furnacemen should come from the Government or 
from any college; I think that it ought to come 
from the manager. 

Fifty years ago, just before I left school, all my 
boy friends were going to become electrical 
engineers. To-day, electrical engineering occupies 
a very high place. I hope that in much less than 
fifty years’ time fuel engineering will be recog- 
nized as being just as important. The fuel en- 
gineer is needed; he has to be trained, and then 
the job is there for him. If you do not have him 
you will fail, because you depend on coal 
absolutely. 


Mr. M. W. Turine (British Coal Utilisation 
Research Association): This discussion and the 
paper by Dr. Tigerschidld seem to me to bring 
out clearly the fact that there are two quite 
different ways of making progress in an industry. 
One is by steady and continuous progress, and I 
hope that our work with the heat-flow meter and 
the work which has been done on port design 
with The United Steel Companies, Ltd., may play 
some part in that. The second way may be 
called a “ quantum jump,” ?.e., a big change with 
something new coming into the industry. That 
kind of quantum jump occurs when the gap 
between technical knowledge and actual industrial 
practice, to which Dr. Sarjant referred, becomes 
too great, or, alternatively, as in the case of 
Sweden, when the economic situation changes so 
drastically that it is simply forced upon the in- 
dustry. Two great examples of the quantum 
jump were the introduction of the Siemens re- 
generative furnace about 80 years ago—Messrs. 
Turner and Gray refer to the fact that there have 
been no great changes in design since then— 
and the change from the old beehive oven to the 
coke-oven battery. 

Certain quantum jumps of the second kind 
seem to have been forced on Sweden by the war 
situation, but a still more important point is that 
the advances to which Dr. Tigerschidld refers 
may clear the way for even bigger jumps. The 
preheating of gases to 1000° C. in a continuous 
preheater, to which he refers, opens up enormous 
possibilities. For example, a direct-fired open- 
hearth furnace becomes economic if the preheat 
temperature with continuous preheat can be kept 
over 900°C. Similarly, continuous supplies of 
water-gas can be produced with preheats of this 
order. Whether that kind of quantum jump will 
come as a result of these changes in preheat seems 
to depend on the economic situation in the future. 
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On the general question of preheat, it is clear on 
thermodynamic grounds that what is needed in a 
continuous counterflow preheater for high tem- 
perature is different designs for different parts of 
the preheater, and the INKA preheater is a step 
in that direction. I should like to ask Dr. 
Tigerschidld why it is not built with the con- 
vection preheater behind it, as in the radiant-tube 
boiler, instead of separating the radiant unit from 
the convection unit. There is a very close 
analogy with the radiant-tube boiler followed by 
convection heating. I think that preheater 
designers and boiler designers have a great deal 
to show each other. 

Another example of this method of designing 
a preheater with different arrangements for 
different temperatures is given in a recent Swiss 
patent (British Patent No. 574,810), where the 
diameters of the tubes are stepped down towards 
the hotter end, so that the tube temperature 
comes closer and closer to the temperature of the 
cooler fluid and is prevented from overheating. 

I should also like to ask Dr. Tigerschidld why 
the blast-furnace fuel shortage led to preheaters 
of this type. Was it because the efficiency could 
be much higher than with the regenerative type ? 

Dr. Sarjant referred to the desirability of a non- 
water-cooled heat-flow meter. A meter of that 
type was actually used in an open-hearth furnace 
in Russia in 1939, but in working on this problem 
which was suggested by Dr. Sarjant about six 
years ago, we decided that a water-cooled in- 
strument was preferable, because it can be left 
in the furnace and used continuously for a long 
time, which is a great advantage for a research 
instrument. 

Mr. Armstrong referred to oxygen recorders. 
We have used an oxygen recorder throughout the 
trials done at The United Steel Companies, Ltd., 
and it has worked quite, successfully. This 
recorder was specially designed for the trials. 


Mr. F. Kennepy (Messrs. Dorman, Long and 
Co., Ltd., Middlesbrough) : The paper presented 
by Dr. Tigerschidld describes some extraordinarily 
good work which has been done in order to over- 
come difficulties greater than those experienced 
on the fuel side in this country. Apart from 
expressing my appreciation of this performance, 
I have no general comments to make, but should 
like answers from him on the following minor 
points ; 


(a) What was the calorific value of the 
blast-furnace gas with a coke consumption of 
13 cwt. 2 


(6) The quoted thermal efficiency of the re- 
cuperative hot-blast heater is decidedly lower 
than can be obtained with normal stoves 
packed with refractory checkers; many of the 
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latter type of unit in this country are running 
at efficiencies in the neighbourhood of 90%. 
Are any other operating advantages obtained 
with the recuperative heater which offsets its 
lower thermal efficiency ? 


(c) When blast-furnaces are operating in 
conjunction with an associated steelworks, 
would it not be preferable to use the blast- 
furnace gas for metallurgical heating furnaces 
instead of for steam raising, as substitute low- 
grade fuels can more easily be supplied to 
boilers than to metallurgical furnaces. 


I should like to deal with one or two points 
raised by earlier speakers in the discussion. 

Mr. Mason suggests that a million tons of fuel 
per annum can be saved by improved gas-pro- 
ducer operation. I question the accuracy of this 
statement. There may be occasional small 
plants where producer efficiencies are as low as 
the 50% he quoted, but the bulk of the coal used 
in the industry is gasified at the larger works 
where the hot-gas efficiencies obtained are much 
closer to 90% than the values mentioned by Mr. 
Mason. 

Mr. Armstrong’s opening remarks regarding 
the paper by Messrs. Turner and Gray are in his 
usual provocative style which he invariably 
adopts to liven up the discussion; however, I 
am not in agreement with him, but consider that it 
is an excellent paper. The authors record what is 
being done in two plants of rather different types 
and their comparison emphasizes clearly two 
different aspects of the fuel-economy campaign 
in the industry : 


(1) The thermal efficiency of each individual 
fuel-consuming unit must be tuned up to the 
maximum. 


(2) The overall importance of integration. 


The greatest thermal savings are obtained by 
operating completely integrated plants in which 
the finishing processes are completed on the one 
site without allowing the material to get cold in 
any of the intermediate stages. 

The improved efficiency obtained by conserving 
as far as possible the heat available in (1) the 
molten iron from the blast-furnaces, (2) the molten 
steel from the steel furnaces, and (3) the semi- 
finished material during the various rolling 
processes greatly outweighs what can be done by 
improving the efficiency of any one individual 
heat-consuming unit. 

The data and comparisons supplied by Messrs. 
Turner and Gray demonstrate these advantages 
of integration very clearly. 

In view of the earlier remarks in the discussion, 
I suggest that the authors should elaborate what 
they consider to be the functions of the fuel 
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engineer. There appears to be an impression in 
some quarters that the job can be regarded as a 
water-tight compartment, whereas my experience 
is that his job is the one on the works which cannot 
be run as a water-tight compartment; to function 
successfully, the fuel department must work in 
close co-operation with the designing, engineering, 
metallurgical, manufacturing, and accountancy 
departments, and to get the best results it must 
be considered part of the team and operate in 
such a fashion that it is practically impossible 
to define clearly exactly where the fuel engineer’s 
duties begin. 

The very large reserve of gas-holder capacity 
which is being installed to work in conjunction 
with the Orgreave plant is an indication of the 
importance attached to obtaining an optimum 
efficiency from the use of coke-oven gas. The 
large reserve capacity installed should ensure that 
the point of usage of coke-oven gas is solely 
dictated by the efficiency and suitability for that 
particular process, whereas when gas-holder 
capacity is small, the consumption must be so 
organized that in case of marked variations in 
supply or demand, the coke-oven gas can be 
substituted by, or used as a substitute for, 
alternative fuels. 

I should like the authors to discuss a little in 
detail the reasons which lead to their proposing 
to instal a total of 9,000,000 cu. ft. of gas-holder 
capacity to deal with the coke-oven-gas output 
from the Orgreave plant, as I am sure these would 
be of considerable value to many other interested 
parties. 

I do not favour the arrangement of the gas 
distribution so that the open-hearth plant is 
fired with a mixture of blast-furnace and coke- 
oven gas. This practice has not been entirely 
successful and considerable trouble has been 
experienced with slag foaming and the obtaining 
of a flame with suitable luminosity; therefore, 
my own recommendation is to organize the 
distribution so that the open-hearth plant is 
fired with coke-oven gas only, which, however, 
usually necessitates the use of blast-furnace gas 
for firmg the coke ovens. 

A point is made in the paper by Mr. Hulse 
and Dr. Sarjant that coal is the industrial fuel 
which we have to use at present-day prices. 
Suitable coal for gas producers costs a minimum 
of 46s. per ton, to which must be added a gasi- 
fication cost of 5s. or more per ton and in these 
circumstances oil becomes an important competi- 
tor. The oil-fired furnace is capable of a decidedly 
better overall thermal efficiency than the producer- 
gas-fired unit, and in many cases where high tem- 
peratures are required, such as at the open- 
hearth furnace, the additional increase in output 
which can be obtained from a given unit adds still 
further to the advantages of oil firing. Thus, 
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even at the present time, many knowledgeable 
people have decided that the use of oil fuel will 
give a lower operating cost than coal gasified and, 
if the high war-time oil prices are reduced, the 
competitive attack of oil will be still greater. 


Mr. G. A. Youne (Messrs. Richard Thomas and 
Baldwins, Ltd., Ebbw Vale): I was very pleased 
to hear Mr. Mason refer to the quality of coal. 
Much intensive work has been done on fuel 
efficiency and we hear a great deal about it, but I 
submit that on the present basis of a fixed price, 
irrespective of the quality of the coal, there is no 
encouragement for the coal supplier to keep out 
shale, and in consequence supplies are becoming 
increasingly dirty. 

It is obviously wrong that a coal supplier should 
be paid for shale at the price of coal. 

Reference has been made to open-hearth fur- 
naces as the largest consumers of fuel, but blast- 
furnaces are the major users of solid fuel, and so 
an improvement in the quality of coking coal 
would lead to a considerable saving of coal. 

Cleaner coal would result in : 


(a) Better coke from the point of view of the 
physical characteristics. 


(6) More carbon per ton of coke. 


(c) Less limestone for fluxing the reduced 
percentage of ash in the coke. 


(d) Less coke for melting the reduced 
quantity of slag. 


(e) Less slag to handle. 


(f) A higher output of hot metal and a lower 
coke consumption per ton of hot metal pro- 
duced. 


Thus, in this way a considerable saving in fuel 
could be effected. 

I suggest that the time is long overdue when coal 
should be sold on a calorific value or on an ash 
basis. The accumulative benefits that would 
accrue to the iron and steel industry from cleaner 
coal would enable the price for the higher grades 
to be fixed at a level at which it would pay the 
coal supplier to pick out the shale on the picking 
belts and to wash the coal more efficiently. 

Under the heading “‘ Effect of Irregular Working 
of the Blast-Furnaces and of Future Develop- 
ments in Blast-Furnace Practice ’’ Messrs. Turner 
and Gray have drawn attention to the fact that 
the extended application of ore beneficiation is 
likely to influence the quality and the volume of 
the blast-furnace gas. This extended preparation 
of materials outside the blast-furnace should 
include coke; more uniform operation and a more 
uniform gas make would result. 

Besides reducing the effect of the fluctuations 
(to which the authors refer) during periods when it 
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is necessary to change tuyeres, &c., the large gas- 
holder maintains a uniform gas pressure at con- 
suming points. Uniform gas volume, uniform gas 
quality, and uniform gas pressure are the essen- 
tials if maximum fuel efficiency is to be maintained. 

I should like to emphasize what the authors 
have said with regard to central gas control. 
I particularly refer to those large integrated iron 
and steel works where a considerable time is 
required to get from one end of the works to the 
other. For such works it is essential to have a 
central station from which it is possible to control 
the distribution of the gases. The volume of the 
gases distributed is so large that the working 
margin available in gas-holders is very limited, 
which makes centralized control necessary. 

With a large gas-holder floating on the dis- 
tribution system there is danger of filling a building 
with gas if a leakage or a fracture in a gas main 
inside a building is not speedily noticed, and it is 
most essential that someone should be on the 
alert to spot any abnormal condition at a very 
early stage. An important duty of the gas- 
control-station attendant, therefore, is to balance 
gas consumptions against the gas make, and this 
should be done hourly or half-hourly. The 
figures will, of course, be uncorrected for changes 
in temperature, pressure, and specific gravity— 
this can be done later—but the figure that is not 
accounted for will serve as a useful guide and will 
give an indication of conditions throughout the 
works. 

On the question of balancing gas consumptions 
against gas makes, I would strongly advise that all 
consuming points should be metered. It is some- 
times the practice to leave one consuming point, 
for example, the boiler plant which takes the 
swings in gas supply, to be arrived at by difference. 
It is important to close the system of metering so 
that errors in metering can be immediately shown 
up and the offending meter or meters tracked 
down. 

The authors have drawn attention to the im- 
portant function of the gas-control station in 
controlling the distribution of the gas to the best 
advantage and, in cases of partial failure, in 
according priority of supply to particular units, 
so that the gas available can be used to the best 
advantage. That is most important; but it may 
not always be realized that it is just as important 
to control starting up as to control shutting 
down. For quick and efficient control, rapid 
communication between the central gas control 
and the gas-producing and gas-consuming points 
is essential. A useful investment is an auto- 
matic signalling device by which a signal may be 
given either by coloured lights indicating whether 
blast-furnace or blast-furnace and coke-oven gas 
are to be reduced or shut off; this may also be 
done by means of a loudaphone. If holder-level 
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indicators are installed at gas-consuming points 
it is possible to arrange beforehand the routine 
for shutting down at once in an emergency. 

A further step towards obtaining maximum 
fuel efficiency in a large works would be to intro- 
duce a system for metering steam, and for 
balancing consumption against make, in the same 
way as for gas. 

Reference has been made to meter maintenance, 
and this is very important. I think it is essential 
to have a good workshop for meter maintenance 
and calibration. Furthermore, it is of paramount 
importance that the workmen should be specially 
trained for the work; it is not the job of an ordin- 
ary fitter or of anyone who happens to be available. 
Men must be specially trained, and this takes a 
long time. Unfortunately, suitable men are 
difficult to find at the present time but this phase 
will pass. 


Mr. T. F. Pearson (Messrs. Colvilles, Ltd., 
Glasgow): I would like Dr. Tigerschidld to tell 
us the analysis of the producer gas made from 
straw. Presumably it was of poor quality and 
would compare unfavourably with our normal 
producer gases which are enriched by tar vapours 
and soot. The point is of some importance since, 
when we speak of thermal efficiency, we are apt to 
forget the effect that the gases used may have on 
this value. Any furnace, no matter how good, 
is handicapped if the fuel used in it is poor. 
Messrs. Turner and Gray emphasize this by speak- 
ing of coke-oven gas as a “high-grade heat ”’ 
source because the inerts are low, and when we 
consider blast-furnace gas containing 60% of 
nitrogen burning with air containing 80% of 
nitrogen then obviously the amount of inert gas 
put through the furnace does prevent the achieve- 
ment of highest efficiency. 

A point of interest in the paper by Mr. Hulse 
and Dr. Sarjant is raised when the authors state 
that the effect of varying saturation temperatures 
is to achieve an optimum performance which falls 
away on either side of a certain value. This was 
noted as early as 1909 by Gibson and Gwyther * 
and the explanation ‘appears to,be in the general 
characteristics of the steam—air—carbon ‘system. 
We have recently been studying producer-gas 
reactions over the whole range of blast com- 
positions from 100% steam to 100% air. Fig. A 
illustrates results for a fixed set of conditions, 
i.e., temperature and driving rate. At the ex- 
treme left is the equivalent of the ‘“‘ down blow ” 
in a water-gas producer yielding some 48% of 
hydrogen and 40% of carbon monoxide, and at 
the extreme right 100° air has been used as 
blast. The curves showing the change in com- 
position of the gases with different H,O/air 
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proportions are interesting, particularly those for 
CO and COQ,. 

If the range between the dotted lines is chosen 
it is found that the change in concentration of the 
various constituent gases agrees reasonably well 
with this early work on the effect of varying the 
saturation temperature, which showed that, as the 
moisture content of the blast is increased, the CO 
content falls, the CO, content increases, and the 
H, content increases and then falls slightly. The 
results obtained recently deviate here, since our 
curves show the H, to increase continuously under 
all conditions. 


Exit gases, vol- % 


100 90 80 70 60 5040 3020/0 O 
Saturation temperature of blast, °C. 


Fie. A.—Variation of Composition of Exit Gases with 
Saturated Temperature of Blast. 


One significant point arises, however, in that 
there appear to be two minima in the CO curve, 
the second, at A, fitting in better with the H, 
contents of actual producer gases, 7.e., 11-13%. 
If this point A is within the working range in 
practice, then the effective saturation tem- 
perature of the blast reaching the incandescent 
zone is greater than that normally suggested by 
external measurements. Hence it is tempting to 
suggest that we do not get a true measure of the 
H,O reaching the fire, and the reason may be 


* A. H. Greson and R. D. Gwyruer, Proceedings of the Institution of Oivil Engineers, 1909, vol. 177, Part 


III., p. 264. 
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that in the usual water seal producer, in addition to 
the blast moisture, there is a considerable evapora- 
tion through the hot-ash bed by capillarity and 
radiation, the fire actually running at some 
saturation temperature which is appreciably above 
the usually accepted range of 50-60° C. 


Dr. R. Durrer (Switzerland) : I should like to 
express my thanks for the opportunity of taking 
part in this meeting and for the kindness I have 
received during my stay in London. We Swiss, 
with our small iron industry and our small country, 
are, of course, not only interested in all the 
problems which are discussed here, but also in 
coming into touch with your big iron industry, 
after having been cut off from the world for some 
years. 

Coal, next to iron ore, is the most important 
material for producing iron, not for any one 
particular country, but for the whole world. And 
it is not only metallurgists that are interested in 
discussing the problems of fuel economy; it is 
everybody’s duty to save fuel wherever possible. 
From this point of view I am pleased that this 
world-wide necessity should be dealt with at this 
meeting, and particularly so, that the problem of 
using concentrated oxygen in producing iron and 
steel has been mentioned in one of the papers, 
because by this method enormous quantities of 
coal may be saved. 

I am told that some weeks ago the Russians 
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announced their intention to intensify the use of 
concentrated oxygen in the production of iron, 
after having dealt with this method for many 
years. It is surprising that the other iron countries 
do not attach the same attention to this idea. 

As far as I know, the Russians have used until 
now oxygen of a concentration up to 70% for 
smelting iron ores, but, according to the reports 
I have got, they did this work always in an ordin- 
ary blast-furnace, whereas I think that the greatest 
advantage from the use of concentrated oxygen 
will be the possibility of reducing the height 
of the furnace from about 30 m. to only a few 
metres. 

Enormous quantities of fuel could be saved not 
only in the smelting of iron ores but also in 
oxidizing pig iron. In using concentrated oxygen 
instead of the usual blast, more than half the 
world’s scrap iron could be melted with the heat 
saved by this kind of working, and by further 
changes in the combination of smelting and steel- 
making, all the world’s scrap iron could be fused 
in the converter, so that the open hearth would 
lose its principal task. 

I should be happy if these ideas could lead to a 
more intensive treatment of the question of using 
concentrated oxygen in smelting and in steel- 
making, as | am convinced that this method would 
put our production of iron and steel on a new 
basis and, besides other considerable advantages, 
would result in a big saving of fuel. 


JOINT CORRESPONDENCE. 


Dr. E. 8. Grumeti (Imperial Chemical In- 
dustries, Ltd., Winnington, Northwich; Chair- 
man, Fuel Efficiency Committee) wrote: As 
Chairman of the Fuel Efficiency Committee I 
should like to say how very much we appreciate 
the fact that such a large proportion of the time 
of this important meeting has been devoted to 
fuel efficiency. It is hardly necessary for me to 
stress the importance of this subject in view of the 
continued shortage and high price of fuel. I 
consider that the presentation of three such ex- 
cellent papers at this meeting indicates the great 
advances in knowledge which are being made and 
a very definite attempt to bring them before all 
the members of the iron and steel industry. 

I have read these three papers with great 
interest, and should like to mention the following 
points : 

Turner and Gray refer to future developments 
along the lines of more extended application of ore- 
beneficiation processes, and also to the use of 
oxygen-enriched air, whilst Tigerschiéld discusses 
the use of direct firing instead of producer gas— 
a change which has been successfully made in the 


‘ 


chemical industry of this country during the war. 
Both Turner and Gray, and Tigerschidld discuss 
the use of highly preheated air or gas and the 
increasing use of recuperators made of heat- 
resisting steel, and Hulse and Sarjant refer to the 
use of permeable refractories and to the high rates 
of heat release being obtained in America with 
almost phenomenal results. 

Hulse and Sarjant discuss the advantages of 
mechanical stokers over hand-firing and show that 
sections of the industry are fully abreast of 
advances in this direction. At the same time 
Turner and Gray state that open-hearth furnace 
design has not fundamentally changed since the 
introduction of the process and that there is 
considerable scope for basic research in this 
connection. 

With regard both to research and to practical 
application, their paper shows how very com- 
plicated the problem is when considered as a 
whole, and it indicates that there is still much 
to be done in spite of what has been done in the 
past. In this connection I may perhaps be allowed 
to stress the importance of providing frequent 
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opportunities for experts to get round a table and 
thrash out not only the continued application of 
present knowledge, but also the lines of research 
which should be followed in the future; and it is 
equally important that full information should 
be obtained as to progress in other countries such 
as America and Sweden. 

It is quite evident from the papers presented 
at this meeting that developments of major 
importance are pending which require team- 
work and a concerted effort on the part of every- 
body. Moreover, these developments must be 
achieved fairly quickly. It is to be hoped that in 
spite of everybody being so busy with day-to-day 
problems and troubles, time will be found to follow 
up on a large scale the many points raised in these 
stimulating papers. 


Mr. R. WuitrFretp (Incandescent Heat Co., 
Ltd., Smethwick, Birmingham) wrote: The 
paper by Hulse and Sarjant is very important 
and should be co-related with the recent papers 
on the same subject given over months past by 
the Institute of Fuel. Some of these papers and 
this one in particular should be in the hands of all 
furnace users. 

The term “‘ neutral atmosphere ”’ is still used as 
a possibility but in reality such an atmosphere is 
impossible from the combustion of natural fuels. 

- Highly superheated steam is bound to be produced 
from any fuel containing hydrogen; and, by its 
presence, CO, with N, are made active decarburiz- 
ing agents. Decarburization is more damaging to 
steel than scaling, as the reduction of carbon 
alters the characteristics of the steel. It is possible 
to produce a practical atmosphere in which the 
scaling keeps pace with the decarburization. 

The variation of atmosphere with hand-firing is 
certain and the apparent solution is the mechanical 
stoker. But it is a very open question as to 
whether the underfeed type is the best for metal- 
lurgical furnaces. Broadly speaking, it seems 
that an overfeed type is the best. It is an old, 
but true, saying, ‘Give me a ‘soft’ atmosphere 
from a long flame coal”. ‘Soft’? and “ hard ” 
flames can best be described thus: The “ soft”’ 
flame generally has an indeterminate boundary, 
i.e., it is fuzzy on the edges; further, the colour 
varies from a dull white to red. The “hard” 
flame has definite boundaries and is of more uni- 
form colour which may be very bright red or white. 

The great difference between underfeed and 
overfeed is that in the first case the air is forced 
through the fuel, whereas in the overfeed the 
principal air is introduced over the fuel; and it 
has been shown in practice that decarburization 
and scaling are more prone to occur from the 
underfeed than from the overfeed type. There is 
an important place for the overfeed stoker in 
metallurgical practice. 

1946—i 
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With reference to pulverized coal, the authors 
are quite right about the ash problem. The best 
results are to be obtained from the best fuel, 
however used, but fuels with increasing percentages 
of ash are now being used and will continue to be 
used in increasing quantities. It is quite common 
to use pulverized coal with 15% and even 25% of 
ash; the control and disposal of this ash is difficult, 
and trouble results from ash being rolled into the 
materials, apart from the nuisance of flues that 
are reduced in area or even blocked. 

Difficulties in ash control increase with the 
attritor impact type of mill, from which the 
size of the particle can vary considerably with 
hammer wear; the speed through the furnace 
chamber is generally reasonably constant and the 
time comes when the ash is deposited in the heating 
chamber instead of in the flues. The constancy of 
grinding gives favour to the ball-mill type of pul- 
verizer for this reason. 

For metallurgical practice the oxygen indicator 
and/or recorder serves a better purpose than the 
CO, indicator. Each fuel has a definite CO, con- 
tent for complete combustion and this varies 
considerably with each fuel; oxygen, in par- 
ticular, requires to be controlled and is a better 
indicator of atmosphere than CO,. It is equally 
important to determine CO, whereas oxygen 
determines them both with reference to the 
atmosphere. 

Some definite contribution towards fuel economy 
can be made by holding elementary classes within 
the works. One prominent company provides 
comfortable accommodation and a _ qualified 
lecturer, generally from their own staff, and the 
rule is that all examples shall be drawn from their 
own ground. This eliminates the “ school-boy ” 
atmosphere; the men are paid for the one hour, 
usually betweem 6.0 and 7.0 p.m. They can leave 
work at 5.30 P.M., wash, and have a snack in the 
canteen at a very moderate cost; they are free 
for the evening from 7.0 p.m. Everybody is 
welcome, especially the older men. This system 
is now being extended into other branches of the 
Company’s activities and is proving mutually 
beneficial. The class or classes form a foundation 
for future executives, both major and minor. 
These works classes are not substitutes for evening 
classes where the knowledge imparted is general, 
but they show the application of general prin- 
ciples to the intimate problems within their 
employment. It is being considered whether it is 
good to hold these classes, especially for appren- 
tices, during working hours; this, however, is 
not generally applicable to men on production. 


Mr. D. Baaury (Messrs. Donald Bagley, Ltd., 
London) wrote : Turner and Gray refer to possible 
developments in blast-furnace practice taking 


the form of oxygen enrichment of the blast. 
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Following reasonably large-scale experimental 
research, my conclusions were as follows : 

Ferromanganese.—Economies justifying the use 
of oxygen can be achieved. The reduction in 
coke consumption may be from 0-5 to 1-0 ton per 
ton of ferromanganese; the product yield is 
materially improved, and the cost of blast pre- 
heating is reduced. 

Other Ferro-Alloys.—A similar result is probable 
but has not yet been definitely proved. 

Hematite Foundry Iron, &c.—Work in Germany 
on the use of enriched air in blast-furnace practice, 
based on coke costs at less than one-third of present 
British figures, suggested that the return on the 
capital expenditure did not appear to justify the 
undertaking. 

A readjustment, based upon coke at 60s. per 
ton, charging blast-furnace gas at 2-3d. per therm, 
and allowing 15% for capital service, is estimated 
to yield a return of about 21°, which increases to 
over 30% if the retention of the manganese in the 
metal features. The coke consumption declines 
by 170 kg./ton of pig iron, the gas yield by 32-4 
therms, and stove-gas requirements by 20 therms, 
so that the overall economy after debiting gas 
for oxygen production and crediting reduced 
blast power, is about 47 therms, representing a 
net saving of, say, 163 kg. of coke on an original 
consumption of 1050 kg. /ton. 

Open-Hearth Steel—The use of oxygen in the 
open-hearth furnace seems to be a promising 
avenue for investigation, as a partly enriched 
blast-furnace gas can then be successfully 
utilized. 

It will be obvious that the available heat in the 
combustion chamber, when using air enriched to 
30% of oxygen, increases considerably, whilst the 
waste gases decline correspondingly in volume. 
The ultimate saving cannot be correctly indicated 
until trials have been made, which may necessitate 
some amendments in the open-hearth design as 
the temperature increment must be taken into 
account. 5 

Theoretical considerations suggest that a saving 
of 40-50% of fuel can be achieved in open-hearth 
practice with enriched air, but the cost reduction 
can be substantially greater owing to the possible 
substitution of a cheaper gas and the elimination 
of the gas producer. 

Only a few trials have been made on the Con- 
tinent, but these were encouraging on the semi- 
practical scale, and should be continued here. 

The separation of the gases evolved in the coking 
process may be of great value in the production of 
iron and steel, giving a choice of gases of calorific 
value of 1000 B.Th.U. and downwards. The 
isolation of ethylene—a factor of importance in 
future coke costs—is then practicable, and the 
mobility of any surplus heat in the form of rich 
gas is not hampered by “ grids’ or monopolies. 
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Should this prognostication ensue, a radical 
change in the design of the coke oven is fore- 
shadowed as two-stage carbonizing may then 
feature. There is no reason why the industry 
should continue to pay tribute for foreign oven 
designs; its function is to lead the world. 


Dr. A. C. DunnineHam (Imperial Chemical 
Industries, Ltd., Winnington, Northwich) wrote : 
There are three points in these extremely interest- 
ing and useful papers on which I should like to 
comment briefly; they all relate to producers or to 
producer gas : 

(1) The need for cleaning coke producer-gas is 
mentioned by Mr. Hulse and Dr. Sarjant. Pre- 
sumably, in the process of cleaning this gas the 
sensible heat is lost. In the case of gas at 700° C., 
this may amount to as much as 12% of the total 
heat in the producer fuel and is consequently 
well worth recovery. Do not recent developments 
in metallic recuperators, as described by Dr. 
Tigerschidld, open up possibilities of recovering 
at least part of this heat which, if used to preheat 
the blast, would be returned to the producer and 
recovered in the form of gas of higher calorific 
value ? 

(2) The substitution of mechanical stokers for 
gas firing, as described by Dr. Tigerschidld, opens 
up great possibilities of savings both in money and 
in fuel. A therm in producer gas costs approxi- 
mately 14-24 times as much as a therm in bitu- 
minous coal, the former figure applying to hot 
gas from bituminous coal and the latter to cold 
gas from coke or anthracite. The demand for 
producer-gas firing is usually based on either (a) 
the need for clean gas, free from dust and sulphur, 
or (b) the need for close control of combustion 
conditions. 

With regard to (a), present-day fuel-costs would 
suggest that such demands might well be re- 
considered and (6) has in the past been based on a 
comparison with hand-fired solid fuel which ad- 
mittedly gives irregular combustion conditions. 
The modern mechanical stoker, however, can often 
give conditions comparable to those obtained with 
producer gas and, in addition, combustion 
efficiencies of the same order. 

(3) A maximum calorific value of producer gas 
at a blast saturation temperature of about 57° C. 
is recorded by Hulse and Sarjant, although calori- 
fic values are usually believed to fall with in- 
creasing blast saturation temperatures. If the 
suggestion made by these authors is correct, 
namely, that the decrease in calorific value below 
a blast saturation temperature of 57° C. is caused 
by the formation of clinker, then the application 
of the curve given in their Fig. 2 may quite 
possibly be limited to fuels possessing certain 
clinkering properties or to producers of certain 


types. 
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_ Mr. A. Srreuine (Messrs. Stewarts and Lloyds, 
Ltd., Corby) wrote: Much of the material of the 
three papers and of the spoken discussion seemed 
to encourage a welcome shift of emphasis from 
fuel, as such, to the condition of the combustion 
gases. 

The importance of the available portion of the 
fuel calorific value was many times recognized. 
In particular, Mr. Armstrong drew attention to 
the significance of the air/fuel ratio, so stressing 
once again that in high-temperature processes 
the most powerful diluent reducing availability is 
excess air. 

The question therefore arises: Should not 
Sankey diagrams conventionally state the avail- 
ability fraction of the fuel as used with the 
optimum value of that fraction for the process ? 

In assisting his executive and administrative 
colleagues, whose individual fuel-economy poten- 
tials generally exceed his, the fuel engineer’s 
guidance will always be the more acceptable for 
being in terms of the cost of the production product 
rather than in thermal units. 


Mr. Epe@ar Wixiiams (Baglan, Port Talbot, 
Glam.) wrote: This excellent series of papers 
comprises a sound thesis for what might develop 
into a comprehensive symposium on the subject 
in our basic industry. As one who has spent the 
major part of a long and active career dealing with 
problems associated with the trade in South 
Wales, where the question of fuel has its own 
peculiarities, I would assure the respective authors 
that the subject matter is one which will neces- 
sarily be of general interest to all concerned. 
Well-merited appreciation has already been shown 
to each contributor, and South Wales would 
desire to become associated with the congratula- 
tions. We must, however, follow the advice 
given by Mr. Armstrong in his candid criticism, 
and, as he suggests, study the papers line by line in 
order to take advantage of the labour thus un- 
folded and try to discover what can be applied to 
our individual requirements. 

In dealing with gas-producer practice, Mr. 
Mason stated that a 90% efficiency should be 
possible. He did not, however, reveal any very 
definite steps which might be taken to attain such 
desirable results. Quantities of coal have been 
transported into South Wales from the Midlands ; 
experts on fuel research have been engaged from 
the Department of Industrial and Scientific 

_ Research, and other worthy individual investi- 
gators have been employed in past years by the 
Steel Association, but one yet awaits any marked 
improvement in the general results. What then, 
we ask, remains to improve gas-producer practice 
in South Wales and elsewhere? It is generally 
admitted that the problem is a real one in this 
district where ungraded, poor-quality fuel from 
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local collieries reaches the plants containing un- 
desirable ash and sulphur content and with a 
percentage of “fines” so high that it can hardly 
be credited by users in other parts of the 
country. 

This, then, summarizes the general situation with 
which South Wales users are faced and such 
conditions are apparently being dealt with as a 
palliative by the Ministry of Fuel and Power by 
sending into the area a proportion of other and 
superior fuels from far-distant districts. It almost 
sounds like the apt phrase of “ sending coals to 
Newcastle.” After digesting the excellent contri- 
bution of Dr. Tigerschidld, one cannot but feel, in 
spite of all the complaints sent forth from South 
Wales, that Swedish iron and steel manufacturers 
would welcome the asset this district possesses and 
quickly adapt themselves for its better use. The 
introduction of mechanical gas machines was 
largely influenced by the saving in space and the 
higher gasification rates made possible on the 
various units put down, plus, of course, the better 
utilization of poor-quality fuels for gas-making 
purposes. It is very doubtful whether coal yields 
per ton of steel have improved either for melting or 
reheating. I-know, for certain, of cases where the 
opposite results have been sufficiently common. 
The higher gasification rate has all too often 
resulted in a gas of less-reliable quality which has 
been delivered over a greater distance, thus 
depriving it of a temperature which was once 
utilized at the furnace unit. Gas machines are, 
however, capable of being worked at higher 
efficiencies than generally prevail if properly 
controlled under well-known conditions. Bone 
and Wheeler, in their researches nearly forty 
years ago, still remain the basis for good practice. 

The quality of coal is obviously much better 
in some districts; coal containing a high pro- 
portion of fines cannot be economically gasified at 
abnormal rates or in comparison with such grades 
as nut or cobble sizes. This, in my view, con- 
stitutes the main defect in gasifying such quality 
coal as so often prevails in South Wales. Its 
general friable nature must result in high amounts 
of fines being produced and there would thus appear 
to be reasonable ground for closer investigation 
into the application of pulverized-fuel installations 
on many consuming units now burning raw coal 
or poor-quality gas. The alternative will, I think, 
follow the direction of slower gasification, thus 
providing improved quality gas, but obviously 
necessitating plant extension as required to meet 
the demand. With oil fuel now being utilized to 
some extent on furnaces, it should be possible to 
work existing plants at a somewhat lower load. 
In any case, the necessity for greater efficiencies 
would, if required, justify increased gas installa- 
tions in certain cases which should reduce to some 
extent higher maintenance costs. The quality of 
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fuel consumed will constitute the governing 
principle at each plant. 

A further line for investigation might be followed 
by the introduction of part-waste-heat gases 
into the air blast. The Motala fan preheater 
shown in Fig. 11 of Dr. Tigerschidld’s paper, or 
some similar device, would appear to provide the 
means of dealing with the problem. This cannot 
be claimed as a new idea as use was made of part- 
waste gases in a form of Siemens reheating furnace 
many years ago. In the writer’s experience, small 
ingots were regularly reheated with a coal yield 
of 14 cwt. per ton of bars rolled, and the figure of 
34 cwt. of coal per ton of ingots made from cold 
charges quoted by Dr. Tigerschidld must not be 
overlooked. As a matter of interest, it should be 
observed that 4 cwt. of coal per ton of ingots 
produced in 30-ton acid open-hearth furnaces, was 
common forty years ago when using South Wales 
‘through ’’ coal which contained an average of 8% 
of ash and which was gasified in small, brick-built, 
block gas-producers with dry bottoms. This latter 
fact imparts added importance to the production 
of dry-quality gas by whatever means it may be 
obtained and delivered to the consuming unit. 
It is not always possible to work at a saturated 
temperature of 58° C., as mentioned by Hulse and 
Sarjant, nor is it even desirable with certain 
classes of fuel. The introduction of a preheated 
blast might, however, favour the production of a 
dryer gas. ‘There is also much room for con- 
sideration of a centralized gas-producing plant 
with a proper service for distribution to the various 
units in all self-contained plants. A cleaner and 
dryer gas should result from any such common 
service, although it must not be overlooked that 
the advantages associated with initial gas- 
producing temperatures will of necessity be lost. 

With fuel containing up to 40% of ash for use 
at boiler plants, as is mentioned by Turner and 
Gray, there remains some hope of better utiliza- 
tion of the low-grade fine coal in this area but, 
here again, it would seem to be a matter of plant 
extension to meet requirements. 

In dealing with the general emphasis attached 
to air preheating and the use of metallic re- 
cuperators for temperatures ranging up to 1000°C., 
as is mentioned by the several authors, there would 
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Dr. TIGERSCHIOLD wrote in reply: First of all 
I want to express my thanks for the kind reception 
of my paper and for the lively discussion which 
followed it. I am only too pleased, if any of 
our experiences in Sweden can be of use to the 
British iron and steel industry. 

As to the questions of Mr. G. Doxey, I want to 
complete my remarks made during the discussion : 
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appear to be good reason for giving careful 
attention to the desirable economy thus outlined 
and to where proved results have been attained. 
As oxygen gas becomes cheaper in conformity 
with its increased usage in industry, there is much 
to be hoped for in ultimately displacing the part 
use of air in several directions associated with 
fuel efficiencies. 

These remarks constitute an expression of 
practical experience accumulated in the con- 
sumption of fuels as used in Yorkshire, Lanca- 
shire, Scotland, and North Wales, in addition to 
those specifically mentioned. It is, perhaps, 
hardly necessary to add that the fuels from South 
Wales present far greater difficulties than those 
associated with the other areas named, but they 
should not be regarded as insurmountable. 


Mr. D. Kirtsy (Scunthorpe, Lincs.) wrote: 
There are two points in the paper by Turner and 
Gray which are of particular interest to the writer : 

(1) In Fig. 1, the power consumption in 
therms per ton for the Appleby melting shop and 
the Templeborough melting shop is 4:2 and 1-0, 
respectively. One would expect the power 
consumption at the Appleby shop to be higher 
owing to double handling of, say, 80% of the 
charge, 7.e., pouring the metal into the mixer and 
then transferring it to the open-hearth furnace, 
as against direct charging from wagon to furnace 
at the Templeborough shop; or is it a question of 
using heavier cranes for comparatively light 
work? Could the authors clarify this point ? 

(2) Under ‘General Considerations” the 
authors refer to the virtual loss of a portion of the 
original heat content of the metal on its passage 
through the mixer. Generally speaking, it has been 
the writer's experience with active and semi- 
active mixers for the metal to be hotter when 
leaving the mixer than when charged. Was 
this not the experience at Appleby? If not, could 
the authors give temperatures of the metal 
entering and leaving the mixer ? 

The writer would like to congratulate Messrs. 
Turner and Gray on the clear and concise way in 
which they have dealt with so many aspects of 
fuel utilization in so short a paper. 


REPLIES. 


The life of the elements in the metal recuperators 
is naturally dependent upon the quality of steel 
used in these elements and upon the temperature 
of the blast. In the Swedish charcoal blast-fur- 
naces, where these recuperators nowadays are 
predominating, the temperature of the blast runs 
at about 600° C. and the life of the tubes, when 
made of a steel containing 24% of chromium, 
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seems practically infinite. In fact, there are 
recuperators of this kind still running that were 
installed more than 15 years ago, where no repairing 
has been necessary. At higher temperatures a 
more expensive steel has to be used. It has been 
found that it is not so much the heat-resisting as 
the creep-resisting properties that must be im- 
proved. It is worth mentioning that the very 
good steels with 20-25% of nickel and 20-25% of 
chromium will stand blast temperatures of 800° C., 
but they will corrode very quickly, if the blast- 
furnace gas contains sulphur. Within a short 
time, tests will be made with compound tubes, 
where the inner layer is made of a creep-resisting 
steel and the outer layer consists of a heat-resisting 
plain chromium steel. It is expected that such 
tubes will make it possible to attain much higher 
blast temperatures. 

I mentioned in my paper that tests will be made 
with an INKA preheater for steam up to 1000° C. 
The tubes for this preheater are made of a very 
expensive heat-resisting steel. The preheater in 
question will be started during this autumn, and 
the results will be of great importance for the 
development in this field. 

Regarding the control of the temperature, this 
is done automatically from a thermocouple in the 
hot-blast main which gives impulses to a valve in 
the gas pipe to the recuperator. 

Mr. Thring asks why the INKA preheater is not 
built with the convection preheater behind it 
instead of separating the radiant unit from the 
convection unit. This question is quite under- 
standable, and such a construction could, natur- 
ally, be easily made. The reason is that the 
INKA company meant this preheater to be a 
complement to existing convection preheaters and 
not a competitor to this construction. 

To the three questions of Mr. Kennedy I want 
to give the following reply : 

The calorific value of the blast-furnace gas from 
the furnace working with a coke consumption of 
13 cwt. amounts to about 80 B.Th.U./cu. ft. 

It is true that the thermal efficiency of the 
recuperative hot-blast heater is decidedly lower 
than with normal stoves. The reason why the 
former construction has had such an extensive use 
in Sweden is that in the charcoal blast-furnaces 
they formerly used cast-iron tube stoves fired with 
uncleaned gas. Very often there was no place for 
Cowper stoves and gas-cleaning equipment. At 
lower blast temperatures the price of a metallic 
recuperator is much lower than that of Cowper 
stoves of corresponding capacity, and, besides, no 
gas-cleaning equipment had to be built. ; 

The reason why blast-furnace gas very often is 
used in steam boilers instead of for metallurgical 
heating-furnaces is in the first place that the low 
heat value of the blast-furnace gas necessitates a 
preheating of the gas to obtain a high enough 


213 P 


temperature in the furnace. The cost for instal- 
ling blast-furnace-gas for heating will therefore be 
lower in a boiler than in most metallurgical 
furnaces. 

Regarding Mr. Pearson’s question I will men- 
tion that the analysis of the producer gas made 
from straw is as follows : 


Carbon dioxide . : : see 800% 
Carbon monoxide 25-1% 
Hydrogen 79% 
Methane 2-6% 
Nitrogen 56-1% 

Total . 99:7% 


A small amount of tar and quite appreciable 
amounts of soot follow the gas and, as I men- 
tioned in my paper, it has been possible to fire 
open-hearth furnaces with gas made exclusively 
from straw. 

Dr. Dunningham writes that he thinks that the 
recent developments of metallic recuperators 
open up possibilities to recover at least part of the 
sensible heat in producer gas and to bring this heat 
back to the producer. We have discussed this 
method very much in Sweden, and at the moment 
are making tests on a gas producer with hot 
blast together with varied portions of steam or 
waste gases under the grates. The results are not 
yet definite, but it seems to be possible to increase 
the heat value of the producer gas quite appreci- 
ably in this way. It will, however, be difficult to 
put in a recuperator in the gas main after the 
producer. The difficulties with soot and tar 
coverings will probably make this idea almost 
impossible to carry out. 


Mr. Huusz, Dr. Sarsant, Mr. TURNER, and 
Mr. GRAY wrote in joint reply : The authors of the 
papers dealing with practice in the British iron 
and steel industry contribute the following joint 
reply to certain points in the discussion which 
appear to be of such a general nature as to merit 


this action. 


It should not be necessary to correct an impres- 
sion created by Mr. Mason’s remark, certainly not 
intended but possibly apparent to the less well 
informed, that the institution of committees in the 
industry to study fuel is a new thing. Such an 
institution goes back many years. It must be 
apparent from the papers presented that intensive 
study of fuel problems in iron and steel works is a 
well-established practice. A feature of the present 
problem is the question of the dimensions of the 
effort, rather than of its existence. It is a signi- 
ficant fact that the early activities of the Technical 
Department of the British Iron and Steel Federa- 
tion were directed mainly to matters of fuel 
utilization. It is possibly true to say that the _ 
outstanding success of the Ministry of Fuel and 
Power was due to the fact that it was able to 
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mobilize the existing technical forces in industry, 
which had been created during the intervening 
period between the two wars. 

With regard to Mr. Mason’s emphasis of the 
necessity of applying existing knowledge, this 
point has been repeatedly stressed in the co- 
operative publications of the iron and _ steel 
industry. 

The authors are grateful to Mr. Mason for having 
reinforced the implications of their arguments in 
such a forceful manner. ‘ 

We have appreciated very much the contri- 
bution of Mr. Doxey and have noted with full 
agreement his remarks concerning further investi- 
gation and the advantage of closer co-operation 
between the iron and steel industry and the 
instrument makers. We would wish to support 
his plea for research into the aerodynamic aspects 
of burner design, and for the provision of a 
reasonably priced oxygen recorder. Mr. Whitfield 
expressed the opinion that in metallurgical prac- 
tice the oxygen indicator and/or recorder serves a 
better purpose than the CO, indicator. We 
entirely agree with this view. 

In reply to Mr. Armstrong’s contention that 
coal is our finest fuel we do not concur with his 
view. Essentially, coal is a valuable raw material 
for the production of numerous chemical products, 
which ideally should be separated, and only the 
residuals used as fuel. This view has frequently 
been urged in the past. We are somewhat in 
doubt as to what Mr. Armstrong means by 
associating speed of combustion with air/gas ratio 
but we agree thoroughly with his remarks about 
the neglect of air control valves. We would 
emphasize, too, the neglect of the damper in this 
connection. In the Furnaceman’s Manual of the 
Ministry of Fuel and Power, intended for the use 
of furnace operators, a special effort is made to 
drive home the importance of the combined use of 
the fuel, the air control valves, and the damper. 
The tendency in modern progress is to overcome 
these disabilities by the introduction of automatic 
control. We are unable to understand why Mr. 
Armstrong puts the recovery made by his ordinary 
waste-heat boiler as low as 13%. We should have 
expected him to have put this figure very much 
higher. 

Referring to Mr. Thring’s contribution, there is 
a vital need at the moment for a “ quantum 
jump,” but this depends not on the progress of 
research so much as on the skill and enthusiasm 
with which the results of research are applied 
practically. 

We heartily agree with Mr. G. A. Young’s 
suggestion that coal should be sold on a basis of 
the calorific value or ash content. Further, with 
regard to the price basis, it must be apparent to 
everyone that the price should vary with the true 
industrial value of the coal. 
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With reference to Dr. Durrer’s remarks on the 
concentration of the oxygen in the blast used by 
the Russians for smelting iron ores, we interpret 
his figure of 70% as meaning that the oxygen 
concentration had been taken to 35:7%, that 
is to say, that his figure refers to an addition 
of 70% of the normal oxygen content of the atmo- 
sphere. 

Dr. Grumell writes with the high authority of 
the Chairman of the Fuel Efficiency Committee of 
the Ministry of Fuel and Power and we are very 
grateful to him for hisremarks. We strongly agree 
with his advocacy of the provision of frequent 
opportunities for experts to get round a table and 
thrash out not only practical problems of opera- 
tion and design, but also the question of research. 
We think, too, that there should be brought into 
such conferences the technical elements of in- 
dustry which are concerned with the more indirect 
aspects of the application of fuel. 

With regard to Mr. Stirling’s opening para- 
graph, we would certainly go further and state 
that the shift of emphasis he advocates should go 
even beyond the condition of the combustion gases 
and deal with the design and operation of the plant 
as well. We are not clear as to what he means in 
his remarks about Sankey diagrams, and wish that 
he had elaborated his suggestions. 

We thank Mr. Edgar Williams for his support of 
our suggestions in general and for his confirmation 
of Mr. Armstrong’s opinion about detailed study 
of the papers. We note with interest that he joins 
issue with Mr. Mason on the question of gas- 
producer efficiency. It could certainly be con- 
cluded from his remarks that substantial contri- 
bution towards the improvement of gas-producer 
practice would be effected by the supply of better- 
graded fuels. Following up the point raised by 
Mr. Williams about centralized gas-producing 
plant, it is possible to take as an ideal the pro- 
vision of such plants for non-integrated types of 
works. The use of a distributed clean gaseous 
fuel enables furnaces to be designed which have a 
higher standard of efficiency than that possible 
with almost any type of raw fuel. The suggestion 
entails, of course, the prosecution of considerable 
fundamental research into the raising of the cold- 
gas efficiency of the generating plant. Some 
means must be found of utilizing sensible heat in 
the gases and, possibly, of using it in preheating 
the blast. Dr. Dunningham supported this view. 
The provision of cheaper oxygen would contribute 
towards the attainment of this ideal. 

We are glad to have had the opportunity of 
taking part in such a stimulating meeting, and we 
thank all contributors for their interesting 


_remarks. 


The following addenda apply to points which 
have been raised in regard to particular items in 
the separate papers. 
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Mr. Hutsr and Dr. Sarsant also wrote in 
reply : Mr. Mason has raised a controversial point 
on gas-producer efficiency. In this connection it 
is important to distinguish between hot-gas effi- 
ciency at the furnace and hot-gas efficiency at the 
producer. Whilst he expressly referred to pro- 
ducer efficiency, we think he must have had in 
mind the efficiency at the furnace which certainly 
requires to be raised. 

In reply to Mr. Doxey it is intended to follow 
up the study of variable flow of heat in furnace 
structures, since it is realized that hitherto it has 
only been possible to approach this type of prob- 
lem in an approximate manner owing to the lack 
of any suitable technique for the purpose. 

It is gratifying to have such a powerful advocate 
as Mr. H. C. Armstrong on one’s side. We must 
confess that when we first heard Mr. Armstrong’s 
opening commendation of our paper, doubts 
immediately arose in our minds whether there 
might be something seriously wrong with it, for 
we had in mind the ancient passages of arms, 
which incidentally had done much to stimulate 
thought, and the well-known didactic skill of the 
speaker in picking one up gently to drop one finally 
all the more heavily. We breathed a sigh of relief 
when. we realized that the speaker was this time in 
earnest. We agree fully ‘with his trenchant 
remarks on the need for a healthy dissatisfaction 
with present conditions, and it is to be hoped that 
they will be as widely read as the papers. 

On the question of rates of heating raised by 
Mr. Armstrong, it is essential to draw a distinction 
between conditions which involve a time factor 
determined solely by metallurgical considerations 
and those in which the conduction of heat alone is 
involved. Recent developments of high-intensity 
burners and the possibilities foreshadowed by 
machine methods of computation have shown that 
steel can be rapidly heated. More uniformly 
heated furnaces are required for improvement of 
efficiency in this respect. Return of sensible heat 
of the waste gases is a separate requirement. 

In reply to Mr. Thring, a non-water-cooled heat- 
flow meter is required for the many situations and 
conditions in plant survey work in which the use 
of water on an extensive scale is entirely ruled out. 
We agree that in the case of an open-hearth 
furnace in a large melting shop the use of water 
presents no real difficulties. 

In regard to the relative merits of coal and oil, 
raised by Mr. Kennedy, these questions are mainly 
of an economic character. Our point was rather 
to stress the fact that the technical problems 
involved are comparatively simple. 

We are indebted to Mr. Pearson for his discus- 
sion of the point we raised in regard to the exist- 
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ence of an optimum figure for the calorific value 
corresponding to a specific blast saturation tem- 
perature. Whilst this is also apparent from 
Gibson and Gwyther’s investigations on a small 
suction gas producer of 30 h.p., gasifying coke at 
the rate of 30 lb./hr., these investigators did not 
discuss the significance of the observation. The 
same type of marked optimum is not apparent in 
the investigations of either Bone and Wheeler * or 
Clements,} which dealt with the use of bituminous 
coal. It is appreciated that the optimum ob- 
served could be due to a change in the balance 
between the exothermic and endothermic re- 
actions, but these depend upon the temperature 
of the reaction zones, the equilibrium constants 
of the various reactions concerned, and their 
reaction velocities. The resultant effect depends 
to some degree on the condition of the fuel bed 
which cannot be excluded from consideration. 
Our data related to a type of producer in regard to 
which the relationship found had not previously 
been reported as far as we are aware. 

We cannot agree that Mr. Pearson’s explana- 
tion appertains to the conditions existing in the 
producer in question. -His Fig. A is certainly 
interesting, but its implications do not accord with 
the results of the classical investigations on air— 
steam-blown gas producers. We should have 
thought that a smooth curve drawn through the 
experimental points in his curve, for example, for 
carbon monoxide, would have been more justi- 
fiable, the divergence from the mean curve being 
regarded as due to experimental error. 

On the question of the measure of the H,O 
reaching the reaction zone, our experience has 
been that moisture in the blast—particularly the 
finely divided particles of water arising from the 
wetness of the steam—is lost in the ash bed by 
condensation and/or filtration rather than gained 
by evaporation. This is apparent from measure- 
ments of steam actually metered to bituminous- 
coal producers and that found in the gas as either 
decomposed or undecomposed water vapour. In 
the present case we should recall that the producer 
is of the dry-bottom type, and water of con- 
densation is known to drip constantly from the 
ash hopper. 

Mr. Whitfield has raised a subject of consider- 
able magnitude in discussing the term “ neutral 
atmosphere.”’ We do not think such exists in the 
normal atmosphere of industrial furnaces. We 
may recall a case, discussed | some years ago, 
when a furnace charge with a final atmosphere 
of composition of over 10% of carbon monoxide, 
14°% of carbon dioxide, and no oxygen, showed 
evidence of decarburization. We note with in- 
terest Mr. Whitfield’s distinction between the 


* W. A. Bone and R. V. Wheeler, Journal of The Iron and Steel Institute, 1907, No. I., p. 126. 


+ F. Clements, 2bzd., 1923, No. I., p. 97. 


t R. J. Sarjant, Journal of the Society of Chemical Industry, 1930, vol. 48, p. 465r. 
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oxidation effects of underfeed and overfeed types 
of mechanical stokers. Surely, equivalent results 
should be obtainable on either type, if suitably 
controlled. 

We should hate to have to operate pulverized- 
fuel-fired metallurgical furnaces on Mr. Whitfield’s 
coal with 25% of ash. 

Obviously enthusiasm and drive have produced 
the results. which Mr. Whitfield mentions in his 
reference to education. Unfortunately, such con- 
ditions do not apply equally to all industrial 
establishments. An important educational prin- 
ciple is also involved in these other cases—the 
provision of the necessary skilled instruction 
which needs to be of a very high order. A far 
better solution as a general principle is in our 
opinion the institution of a properly constituted 
national scheme of education which embraces all 
types of conditions. 


Mr. Turner and Mr. Gray also wrote in 
reply: The figures quoted by Mr. Mason as the 
average for gas-producer efficiency throughout 
the country appear unduly low. Mr. Kennedy’s 
remarks confirm this opinion. It may interest 
Mr. Mason to know that the gas producers operat- 
ing in the plants of The United Steel Com- 
panies, Ltd., work with a hot-gas efficiency close 
to the optimum figure mentioned. 

With regard to Mr. Doxey’s remarks concerning 
tar, we feel that crude tar is too valuable a source 
of chemical products to be used as a fuel, but 
appreciate that what he says could as well be 
applied to residual products of tar distillation. 

Mr. Armstrong brings an accusation of com- 
placency which we consider wholly unjustified. 
While agreeing that finality in fuel saving can 
never be reached, we are strong believers in the 
saying ‘“‘ physician heal thyself”? and accordingly 
have not feared to show what we have so far 
accomplished. 
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The interpretation put by Mr. Armstrong on 
part of the statement that we made in connection 
with changing over of furnaces from coal firing to 
gas firing is somewhat tendentious. We do not 
doubt that very efficient coal-fired furnaces can be 
met. 

Mr. Kennedy wishes to have our view as to the 
function of the fuel engineer. We do not think 
we can say much more than he says himself, 
except to emphasize that we agree with him that 
the responsibility of the fuel engineer does not 
finish with fixing the limits of the amount of fuel 
which should be used on a furnace or the control 
of the combustion of this fuel. 

Concerning the capacity of the gas-holders used 
in connection with the Orgreave plant, it is our 
opinion that as each case has to be judged on its 
own merits, no advantage would be served by 
discussing the reasons which led to the decision in 
this case. 

We find Mr. Bagley’s contribution very interest- 
ing, but its value would have been enhanced had 
he given either the cost of the oxygen or the power 
required for its production. 

In answer to Mr. Kilby’s remarks we would say 
that : 

(1) The power consumption at the Appleby 
melting shop includes for items which are either 
non-existent at Templeborough, such as furnace- 
tilting gears, or for plant of different capacity, 
e.g., cooling pumps; thus the comparison of a 
special item such as crane power is rather vitiated. 

(2) It is true that metal increases its tempera- 
ture in passing through the mixer, but the heat 
gained is only a fraction of that contained in the 
fuel consumed by the mixer and, even after making 
allowances for any metallurgical gain, there is still 
an overall heat loss which can be expressed as a 
virtual loss of a portion of the original heat content 
of the liquid iron. 
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SOME ASPECTS OF THE OVERHEATING OF 
STEEL DROP-FORGINGS.* 


By H. J. MERCHANT (Commerctan Srrets anp Force Co., SypNry, AUSTRALIA). 


(Figs. 1 to 42 = Plates VII. to XII.) 


SYNOPSIS. 


The effects of overheating on the serviceability of steel drop-forgings, particularly in relation to their 
use m aero-engine construction, are discussed. The principal causes of, and factors influencing, overheating 
are described, and an attempt is made to differentiate between overheated steel, severely overheated steel, 
and burnt steel. The greater part of the paper is devoted to a description of the methods used to detect 
overheating in alloy steel, namely, examination of the surface and of the fracture, metallographic examina- 
tion, and mechanical testing. Work carried out with a view to studying obscure aspects of the subject, 
together with an attempt to establish fracture-test standards, is described. An account is given of methods 
of preventing overheating and of reclaiming overheated steel. Finally, there are some notes on the 


occurrence of overheating in American steels, and some suggestions are given regarding directions which 


might be taken by future research on this subject. 


INTRODUCTION. 


AN interesting problem concerning the condition 
of forgings and drop-forgings which had been 
overheated in their manufacture, arose during the 
war. Until recently, alloy steels have to some 
extent been regarded as possessing properties 
which render them more immune from the effects 
of overheating than carbon steels. However, the 
technique employed in forging alloy steels has an 
important bearing on the ultimate serviceability 
of the part; steel which has been overheated 
may be detrimentally affected to varying degrees 
which are difficult to detect by normal inspection 
procedures. Perhaps the most exacting use to 
which alloy-steel drop-forgings are put is in the 
construction of aero-engines, and it was chiefly 
in this connection that complaints arose concern- 
ing defects which were attributed to the over- 
heated condition of the steel. Such parts as 
connecting rods, valve rockers, gears, &c., have 
failed prematurely by fatigue as a result of the 
steel having been overheated, fatigue cracks 
being more easily propagated from the boundaries 
of large crystal grains at or adjacent to zones of 
high local stress in loaded components. During 
the war, aero-engine power has been increased, but 
the strength or weight of the components has in 
most cases remained the same. This has re- 
vealed, and necessitated the detection of, an 
overheated condition in drop-forgings which may 
or may not have occurred in varying degrees 
previously. Fortunately, the methods, often 
drastic and costly, adopted by aero-engine manu- 


facturers to- detect overheating have prevented 
such steel from going into service. Again, it is 
possible that other alloy-steel forgings have 
suffered from overheating which has perhaps not 
been revealed because they were not subjected 
to such high loads and alternating stresses as occur 
in modern aero-engines. The overheating of steel 
drop-forgings has not been confined to British 
practice alone, but has been experienced in the 
United States and elsewhere. Overheated steel 
may be present in components which have ful- 
filled every routine test required by the present 
aircraft specifications. It must be understood 
that the term ‘“ overheated ” does not apply to a 
steel which has suffered ‘“‘ burning ” or incipient 
fusion visible microscopically; such material 
has distinctive features which are easily detected 
by normal inspection methods. The purpose 
of this paper is to discuss various aspects of the 
causes of, and factors influencing, overheating, 
the nature and detection of overheating, and the 
methods adopted to prevent and reclaim over- 
heated forgings. 


CAUSES OF OVERHEATING. 


In general, overheating of steel forgings is 
caused by either: (1) Heating the bar or semi- 
finished forging to too high a temperature, or 
(2) keeping the steel for prolonged periods at 
what are considered normal forging temperatures. 
These are the main causes, but other factors 
influencing overheating are: (3) Amount of hot 
work, (4) furnace atmosphere, and (5) composition 
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of the steel. These factors will be discussed more 
fully. 


(1) Temperature of Heating. 

This is the most frequent source of overheating, 
the maximum desirable temperature being ex- 
ceeded in practice owing to a number of causes. 
Forge furnaces operating at 1200-1400° C. do not 
lend themselves easily to pyrometric control, and 
only in the last few years have instruments been 
developed which can withstand forge conditions 
and at the same time give accurate and reliable 
automatic temperature control. In many British 
plants the nearest solution to the problem has 
lain in the use of manually operated optical 
pyrometers. With such a method, overheating 
must occur at times, because there is no absolute 
control over the furnace temperature. In addi- 
tion, the temperature of a piece of steel as measured 
on withdrawal from the furnace may not be a 
reliable indication that the steel has not been over- 
heated, since it may have attained a _ higher 
temperature earlier in the heating period. It is 
possible, too, that in the reheating of semi-finished 
forgings, any part of small section or any pro- 
jecting bosses or flanges may have been exposed 
to the furnace atmosphere and have exceeded the 
maximum safe temperature, although the main 
section of the forging has been heated correctly. 
The employment of furnace temperatures ex- 
ceeding the prescribed maximum is usually due to 
a desire on the part of the operator to obtain 
increased production by heating the steel to 
temperature in the shortest possible time, or to 
the desire of forgemen to make a part in one heat 
instead of two. Rapid heating may result in 
the outside of the steel being overheated before 
the centre has reached forging temperature ; the 
same may occur when several pieces of steel are 
heated together. 

In some furnaces the design is such that the 
steel is subjected to flame impingement. This 
occurs when the heating flame is injected directly 
into a furnace and the steel is not shielded by a 
baffle wall. Flame impingement causes local over- 
heating, which is not readily detected by pyro- 
metric means and which must be regarded as one 
of the drop-forger’s chief problems. Many forge 
furnaces are fired by pulverized fuel, and if this is 
not properly controlled, there is a danger of the 
fuel falling on to the steel and perhaps causing 
local-overheating. 

In other furnaces the design is such that there is 
uneven distribution of temperature from one side 
to the other, and the steel may be transferred to 
the hot side if a high production rate is desired. 
Under such conditions it is important that the 
temperature of the hottest zone be kept within a 
reasonable margin of the practicable minimum 
forging temperature. : 
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(2) Time of Heating. 

An overheated condition may also arise from 
holding the steel for far too long a time at what 
are considered maximum or even normal forging 
temperatures. This is often due to lack of control 
by the operator, particularly in batch-type furn- 
aces, and can be overcome only by experience and 
by educating the operator, or by employing con- 
tinuous furnaces which eliminate the human 
element altogether. In the case of semi-finished 
forgings, any thin sections are necessarily held at 
temperature longer than thicker sections, and this 
may lead to some localized overheating. 

At the beginning of the war a bottleneck existed 
in the manufacture of steel drop-forgings which 
eventually resulted in the setting up of new plants 
which were staffed with more or less inexperienced 
labour. The demand for increased production 
left little time for training and instructing the 
operators properly, in some cases with dire results. 
With untrained operators, failure to withdraw 
steel from the furnace during spells of hammer 
trouble or maintenance was a common cause of 
overheating. The necessity for orderly charging 
and discharging of the furnaces was not always 
apparent to the untrained, and the author has seen 
cases where steel was allowed to reach such a 
temperature that it had to be cooled, generally 
on the dies, before it was safe to forge; otherwise 
disintegration would have taken place. Fortu- 
nately, such a state of affairs was checked soon 
after its evils became apparent, and only men who 
were interested in their furnaces were allowed to 
make the important jobs. 


(3) Effect of Hot Work. 


The effect of work on steel in the austenitic 
state is to refine the coarse structure formed as a 
result of heating, and, up to certain limits, the more 
work it receives, the more refined will be the 
resultant structure. There is a difference of 
opinion at the moment as to whether hot work 
refines an overheated structure or not. From a 
practical point of view, the importance of sufficient 
hot work cannot be over-estimated. It is more 
satisfactory to make a forging in one heat, if 
possible, even if this involves the use of multiple 
die impressions or larger hammers or two hammers 
teamed together, than to have to reheat the semi- 
finished forging and finish it in an operation which 
does not give adequate grain-refinement. Forgings 
which, for some reason or other, have been re- 
heated and “retapped ”’ to size (as, for example, 
after blending-out defects) have in many cases 
been overheated. 

One further aspect of the effect of hot work on 
forgings is that the energy dissipated in deforma- 
tion results in an increase in temperature, es- 
pecially in the early stages of maximum dispersion, 
as, for example, in drawing-down a thin shank. 
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The safe maximum temperature may well be 
exceeded, and some authorities have regarded this 
as a possible cause of overheating; but it must be 
remembered that such temperatures exist only 
momentarily, because the steel responds to the 
cooling effect of the dies as it approaches its final 
shape. 


(4) Furnace Atmosphere. 


The effects of furnace atmosphere on over- 
heating are rather obscure, but existing evidence 
indicates that a strongly oxidizing and turbulent 
atmosphere results in overheating at lower tem- 
peratures than do less turbulent and less oxidizing 
furnace conditions. Some research on this sub- 
ject with nickel-chromium—molybdenum steels is 
now being conducted by the Alloy Steels Research 
Committee + and results are awaited with interest. 


(5) Composition of the Steel. 

Steels of different compositions vary con- 
siderably in susceptibility to overheating. Mild 
steel, for instance, appears to be least susceptible, 
whereas higher-carbon and low-alloy steels are 
more susceptible, and high-alloy steels—particu- 
larly the nickel-chromium-—molybdenum types— 
are easily overheated. Although, in the past, 
maximum forging temperatures have been pre- 
scribed from the solidus line of the iron—carbon 
diagram with extrapolation for the alloying 
elements, there appears to be no direct relation- 
ship between the composition of the steel and 
the temperature required to produce overheating. 
Maximum forging temperatures must therefore be 
largely a matter of practical experience until more 
is known on the subject. Susceptibility to over- 
heating also appears to be affected to some extent 
by the steelmaking process, basic electric-furnace 
steels being more susceptible than basic open- 
hearth steels of the same composition. 


THe NATURE OF OVERHEATING. 


A study of the nature of overheating in steel 
must necessarily entail a knowledge of the states 
closely related to overheating, namely, burnt steel 
and steel free from overheating and burning. The 
burnt state in steel has been studied by several 
eminent metallurgists, but their work—with one 
important exception 2—has been confined to plain 
carbon steels, where the symptoms of overheating 
and burning are a great deal clearer than in the 
case of alloy steels. The present work is largely 
confined to alloy steels, and, from some experience 
gained in the examination of overheated drop- 
forgings, it appears that the steel may be in a 
number of conditions, depending on its thermal 
and mechanical treatment in the forging process. 
For the purpose of this section of the paper, four 
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conditions are selected for discussion, namely, (1) 
burnt steel, (2) severely overheated steel, (3) 
overheated steel, and (4) satisfactory steel, 7.e. 
steel free from overheating. 


(1) Burnt Steel. 


Burnt steel is easily recognized. The tempera- 
ture of the steel has been so high that fusion 
of the low-melting-point constituents and inter- 
granular oxidation have occurred. It is also 
possible that liberation of gases may occur during 
burning and that carbon monoxide may be formed 
by the reaction between oxygen absorbed from the 
atmosphere and the carbon in the steel. Con- 
siderable grain growth occurs, and the mechanical 
properties of the steel suffer considerably, particu- 
larly the ductility and impact resistance. The 
fracture of a burnt steel is coarsely granular, the 
mat facets of the crystals having slightly curved 
faces; sometimes oxide coloration of the facets 
is observed. A burnt forging is readily detected 
at the surface by mild pickling; when the scale is 
removed, intercrystalline cracks, typical of burn- 
ing, are revealed. If burning is severe, the steel 
loses its plasticity and may disintegrate under 
deformation. Fig. 1 shows the appearance of a 
billet of burnt steel after one blow under the 
hammer. If the burning is not too severe and the 
method of working not too drastic, the steel may 
pass into service without the defect being de- 
tected, and subsequently fail by lack of inter- 
crystalline cohesion. Fig. 2 shows typical burning 
cracks revealed by magnetic crack detection on a 
section of a machined, upset, ring forging. Micro- 
examination of burnt steel reveals oxide films or 
coalesced globules of the low-melting-point con- 
stituents or voids at the large crystal boundaries. 
Figs. 3 and 4 show typical microstructures of a 
burnt plain carbon steel at low and high magni- 
fications, respectively. 

The subject of burnt alloy steels, as distinct 
from the burning of steels generally, was studied 
by Austin.2 In Part 1 of his paper some account 
of the work of preceding investigators is given, 
and here it may be useful to indicate briefly the 
theory of burning of steel up to the time of 
Austin’s work. Earlier metallurgical writings, 
such as those of Stansfield,? Howe,* and Sauveur,°® 
showed that the original conception of burning 
was that of a partial fusion of the metal itself— 
probably as a result of its attaining temperatures 
above the solidus line—and sometimes accom- 
panied by intergranular oxidation. Stead ° intro- 
duced a slight modification to the theory by 
suggesting that phosphorus-rich envelopes would 
melt at a point just short of fusion of the steel. 
Tammann*? and Houdremont ® extended this 
view to include the fusion of intergranular phases, 
such as oxides or silicates or even carbide or sul- 
phide enrichments, occurring as envelopes around 
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the crystal grains. It was at this stage that the 
work of Austin was published. This work had 
arisen from the examination of several alloy-steel 
air-containers which had failed unexpectedly at 
very low stresses and which fractured with a 
course, mat, granular fracture. A large number of 
mechanical tests carried out on several different 
samples exhibiting the same phenomenon gave 
very poor fatigue values for the material. Micro- 
examination showed that etching with strong 
acids was generally necessary to reveal the defect, 
and an acid etchant consisting of a solution of 10° 
sulphuric acid and 10% nitric acid was particu- 
larly recommended; this outlined in the micro- 
section polygonal grains the distribution and size 
of which coincided with the granular fractures and 
which were considered to be evidence of the same 
phenomenon. Many of the facets had slightly 
curved surfaces, and since it was not possible to 
remove the defect by normal heat-treatment, it 
was considered that the cell wall outlined in the 
faceted fracture was of a fixed insoluble nature at 
normal heat-treatment temperatures. The whole 
phenomenon was ascribed to severe overheating or 
burning, and was explained by the fusion of the 
inclusions or segregates which flowed by capillarity 
round the grain boundaries then existing. 

The effect of the phenomenon on the mechanical 
properties of the steel was not confined to the 
fatigue strength alone. The presence of burning 
in the steel arrests the normal load/elongation 
curve obtained in the tensile test to a degree 
varying from failures actually within the elastic 
range in very bad cases, to those within the 
necking range of the test in the case of steels only 
slightly affected. A more important observation 
was that the “ tearing strength,”’ or mean stress at 
fracture, was reduced as a result of the inter- 
granular nature of the defect. The ductility, as 
measured by the elongation and particularly by the 
reduction of area, was also reduced. Finally, the 
impact resistance was considerably reduced, often 
below the specification value. The fatigue tests 
were most interesting, since such tests are not 
usually specified on account of their lengthy 
nature, the fatigue strength being usually assessed 
at approximately 40—50°, of the maximum load 
for heat-treated nickel-chromium—molybdenum 
steel. Austin’s results on burnt steel indicated 
values as low as 28% of the maximum load (i.e., a 
reduction of 44°% in fatigue strength) but, in 
general, slightly low and irregular fatigue values 
were obtained, which weré ascribed to the. un- 
certain nature of the defect. For some time it has 
been accepted that the fatigue limit is mainly a 
function of the resistance to deformation and 
does not depend on the plasticity or ductility or 
notched-bar impact strength of the steel. It 
would therefore appear that unless burning is 
severe enough to affect the maximum load, it 
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should not appreciably reduce the fatigue limit. 
There is, however, another consideration, and that 
is that the grain boundaries or films of fused 
inclusions are likely to exert a considerable notch 
effect, which would be detrimental to the fatigue 
life of high-tensile steel. It is for this reason that 
overheated steel should be viewed with suspicion 
and its thermal history fully investigated. 

Burning is an intergranular phenomenon. The 
cohesion between the crystals decreases rapidly as 
the metal is heated to temperatures approaching 
the solidus, and the force of surface tension which 
tends to make each crystal assume an almost 
spherical shape may in some cases be sufficient to 
destroy the cohesion between them. This ap- 
proach to a spherical shape is reflected in the 
slightly curved surfaces of the crystal facets in the 
fracture of burnt steel. Any internal stress in 
the steel set up by temperature gradients during 
the heating may also cause intercrystalline rupture 
when a sufficiently high temperature is reached. 
From a practical point of view the temperature 
at which steel burns cannot be ascertained from 
the iron—carbon diagram. The presence of such 
elements as manganese, silicon, and phosphorus, 
even if uniformly distributed, will lower the tem- 
perature of burning. In steel, these elements and 
the carbon are not uniformly distributed, but are 
segregated at the crystal boundaries, and the 
melting point of such regions may be lower than 
that of the steel generally. Incipient fusion may 
thus well occur where the impurities are concen- 
trated, but this theory does not explain all the 
aspects of burning. For instance, voids may form 
in the interior which cannot be attributed to fused 
metal, since the latter obviously could not flow 
away. It is likely that the effects of surface 
tension, of internal stress, and probably of 
liberated gases too, on the melting point of the 
less pure intercrystalline metal combine at high 
temperatures to cause burning. 

When steel is exposed to an oxidizing atmos- 
phere, oxygen may penetrate the metal and form 
crystal-boundary films beginning at the surface 
and proceeding inwards; it is also possible that 
oxygen may diffuse through the sound metal and 
form oxide in any voids already present. The 
furnace atmosphere is therefore a factor in burning, 
although not an essential one, since Jominy ® has 
shown that steel may be burnt by heating in a 
vacuum, and that while steel burns at temperatures 
near the solidus when heated in a neutral or re- 
ducing atmosphere it burns at 100° C. lower when 
heated in an oxidizing atmosphere. Thus it 
appears that the presence of oxygen lowers the 
burning temperature, either because of the forma- 
tion of intercrystalline oxide films or of the 
production internally of carbon monoxide by the 
reaction between diffused oxygen and the carbon in 
the steel. 
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(2) Severely Overheated Steel. 


Steel which has been overheated but not burnt 
is more difficult to detect; often there is no 
external indication of overheating. However, 
when an overheated steel is pickled carefully, the 
surface may take on a “crocodile-skin’”’ or 
“ crozzled ’’ appearance, the severity of which 
can be an indication of overheating, although its 
absence would not indicate that the steel had not 
been overheated. The most reliable evidence of 
the severely overheated condition is found in the 
fracture test. Fractures of such steel are always 
granular, the size of the crystal facets depending 
on the degree of overheating. A distinguishing 
feature of this stage is the golden-brown coloration 
of the crystal facets, which has been attributed to 
the presence of very fine intergranular oxide films, 
not normally detected by orthodox micro-examina- 
tion. Such a steel has low impact and ductility 
values, though often not below specification re- 
quirements; the fatigue properties may be 
reduced to an unknown degree, which may affect 
the serviceability of the part. There is no 
evidence at the moment to show that steel over- 
heated to this degree can be refined by any form of 
heat-treatment. As in the case of burnt steel, it 
is likely that a definite minimum temperature is 
required to produce the condition, and that other 
factors affecting overheating, such as the time at 
temperature, the amount of hot work, &c., have 
less effect. , 


(3) Overheated Steel. 


This stage resembles the preceding one, except 
that the amount of overheating is not so great. 
In this case, the length of time at which the steel 
was held at temperature has probably had more 
effect than the temperature itself. Another possi- 
ble factor contributing to this condition is the lack 
of sufficient work to break down the large crystal 
structure resulting from the heating. The frac- 
ture of overheated steel is granular, the size of the 
crystal facets depending on the degree of heating ; 
often, only part of the fracture is granular, this 
being set in a fibrous matrix. In this condition 
there is no coloration of the facets on a newly 
fractured surface, and a further distinguishing 
feature of the less severely overheated condition is 
that it responds fairly satisfactorily to refinement 
by suitable heat-treatment. The mechanical pro- 
perties of steel in this condition may be only 
slightly impaired by overheating. 


(4) Satisfactory Steel. 


In forgings, a satisfactory condition is one which 
responds to heat-treatment without difficulty, 
gives good mechanical properties, and has a fine 
silky-to-fibrous fracture characteristic of a ductile 
steel. The surface appearance is normal, and the 
microstructure shows no evidence of the steel 
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having been overheated. The steel has been 
carefully heated for the right time at the correct 
temperature, and then has been given sufficient 
work to refine the comparatively large crystal 
size produced by heating to the forging tempera- 
ture; the work should have ceased just above the 
critical range of the steel so that the finest possible 
grain-size is obtained. 


THE DETECTION OF OVERHEATING. 


The methods which have been used to detect 
and confirm the presence of overheating in drop- 
forgings may be listed as follows: (1) Surface 
examination, (2) fracture examination, (3) metallo- 
graphic examination, and (4) mechanical tests. 
In many instances a combination of two or more 
of these methods has been used, and therefore 
they need consideration in detail. 


(1) Surface Examination. 


High-quality steel forgings for aircraft purposes 
are descaled for inspection after forging and heat- 
treatment and before machining. Visual inspec- 
tion may reveal burning in the form of deeply 
embedded scale and_ intercrystalline cracks. 
Small intercrystalline cracks not visible to the 
naked eye can be revealed by magnetic inspection, 
but often this is not employed on forgings, 
especially as the final machined part lends itself 
more readily to this method of inspection. It is 
fortunate that in some steels overheating is accom- 
panied by a characteristic surface condition which 
is revealed by pickling in acid. This has been 
referred to earlier as “ crocodile skin ”’ or “ crozz- 
ling,” but it is also known by the names of 
*“‘ chicken-wire network” and ‘“ morocco-leather 
skin,”’ and, as these names suggest, consists of an 
intercrystalline network of fine cracks or lines 
resembling morocco leather or crocodile skin. It 
may also be described as a deeply etched cellular 
structure. The pickling acid penetrates to a 
depth of 0-002—0-003 in. into the superficial grain 
boundaries which have formed during heating for 
forging. The existence of this cellular structure 
on the surface of a forging has been taken by some 
authorities as indicative of overheating, but in the 
early part of the present investigation difficulty 
was experienced in correlating this “ superficial 
grain-size ’’ as revealed by pickling the surface of a 
forging, with the internal grain-size as revealed 
by the fracture test or metallographic examina- 
tion. Experimental work on the effect of hot 
work on an overheated steel showed, however, that 
the interior of the steel could be refined by forging, 
leaving the surface grain-size more or less the 


- game as that produced by the overheating, but 


perhaps distorted if the flow of metal had been 
considerable. Crozzling can be regarded as an 
indication of the preferential affinity for heat of 
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the material at the austenitic grain boundaries at 
the maximum temperature attained by the steel. 

The crozzling phenomenon has not been taken 
by all authorities as evidence of overheating, and 
some hold that it can result from certain furnace 
atmospheres. Nevertheless it is a useful guide, 
and forgings which exhibit it when pickled must 
be regarded with some suspicion. It is an un- 
desirable surface condition in itself, especially if 
the forging is not machined all over, and at least 
one case came to the author’s notice where pre- 
mature fatigue failure in a very highly stressed but 
only very lightly machined part was attributed to 
it. Fig. 5 shows a fracture test-piece exhibiting 
acute roughness of the crozzled skin adjacent to 
the fracture. Fig. 6 shows a half-section of an 
upset gear-blank forging which had been macro- 
etched to show the grain flow and which revealed 
(among other defects) a penetration of the 
crozzling phenomenon into the body of the forging. 
This particular forging had been re-struck on 
account of a dimensional defect, and there had been 
no opportunity for any work to refine the over- 
heated structure. 

Different steels appear to respond differently to 
crozzling, and experiments were carried out on a 
number of well-known aircraft steels to investigate 
this. Samples of steels having a flat surface in 
the rolling direction were overheated for different 
periods of time in a forge furnace fired by pul- 
verized fuel at temperatures of 1200°, 1300°, and 
1400°C. After heating, the samples were cooled in 
air, pickled in boiling 50°, hydrochloric acid for 
4 hr., washed, scrubbed, again washed, and 
quickly dried. The crozzled skin of the samples 
was then examined and photographed under low- 
power magnification and oblique illumination. 
This examination revealed that high-alloy steels, 
particularly nickel-chromium steels, show more 
response to crozzling than low-alloy or plain 
carbon steels, and also that steels made by the 
basic electric-furnace process show a_better- 
defined crozzling than those made by the basic 
open-hearth process. It appears that in low- 
alloy and plain carbon steels, and in steels made 
by the basic open-hearth process, there is a 
marked tendency for the longitudinal rolling fibre 
to persist. Figs. 7, 8, 9, and 10 show the surfaces 
of samples of the basic-electric nickel-chromium— 
molybdenum case-hardening steel, S82. Fig. 7 
shows the surface of a control sample (from the 
rolled billet, 7.e., not heated) and Figs. 8, 9, and 
10 show the crozzling after heating for } hr. at 
1200°, 1300°, and 1400° C. respectively. These 
show uniform increase of crozzling or superficial 
grain-size with increase of temperature, and as the 
steel was not worked after overheating, the surfaces 
agree well with the fracture tests carried out on the 
same samples and referred to later. Figs. 11, 12, 
13, and 14 show the surfaces of other aircraft steels 
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after heating at 1300° C. for 4 hr. in the same 
furnace. Fig. 11 shows the surface of a basic 
open-hearth plain carbon steel, S6, revealing the 
fibre of the steel, with signs of mild crozzling under 
the surface. Fig. 12 shows a similar phenomenon 
in the comparatively low-alloy manganese—molyb- 
denum steel, En 16, made by the basic open-hearth 
process. Fig. 13 illustrates the clear and well- 
defined crozzling which occurred with a cast of 
basic-electric 34°% nickel steel, S69, whilst Fig. 14 
shows the more confused crozzling which occurred 
with a basic open-hearth cast of a 3% nickel— 
chromium-—molybdenum steel, 4811. Crozzling 
occurred to an equal degree in both case-hardening 
and deep-hardening alloy steels and was not con- 
fined to those containing nickel, for samples of 
En 18 (1% chromium steel containing no nickel) 
and En 40 (3% chromium—molybdenum nitriding 
steel containing less than 0-40°% of nickel) were 
tested and showed definite evidence of crozzling. 
It was observed, on the other hand, that steels 
which did not contain some chromium showed a 
very poor reaction to crozzling. 

Various pickling procedures have been em- 
ployed for the detection of overheating in forgings 
or in the finished-machined parts made from them. 
One aircraft-engine manufacturer favoured the 
use of boiling 50°, hydrochloric acid in which the 
forgings were pickled for periods of up to 30 min. 
After pickling, the forgings were washed, rinsed 
in an alkaline solution to remove traces of acid, 
rewashed, rinsed in nitric acid to remove carbon 
deposits, again washed, and quickly dried. The 
forgings were then examined without delay before 
rusting occurred; white fluorescent lighting and a 
magnification of 10 are helpful in viewing this 
work. As the pickling procedure was used only 
as a preselective test and guide to the presence of 
overheating, forgings were graded for further 
examination according to the severity of the 
crozzling, eg., none present, slight crozzling, 
large grains evident, and severe crozzling with 
evidence of oxide being dissolved from the grain 
boundaries. If the surfaces of the forgings have 
been distorted, as in coining operations, or even in 
heavy shot-blasting or light machining, pickling 
may not reveal the crozzling phenomenon. A 
disadvantage of this etching procedure is that it is 
not very practicable from a forge-shop production 
point of view because, firstly, there is difficulty 
in obtaining suitable large-scale pickling equip- 
ment and, secondly, many drop-forgers favour 
shot-blasting as the quickest and most efficient 
method of descaling. 

Another etching procedure developed for use on 
important finished components was the use of an 
electrolytic etch in cold 50° sulphuric acid. 
Components were first given a 5-min. anodic etch 
followed by a 5-min. cathodic etch, which pro- 
duced a selective attack on the grain boundaries 
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that was readily seen under low-power examina- 
tion. Yet another method consisted of etching 
suspected forgings with a cold aqueous solution of 
10% nitric acid and 10°% sulphuric acid, followed 
by micro-examination at 100 magnifications. A 
polish approaching that necessary in metallo- 
graphic examination is required, and the etching 
technique is similar to that described by Austin.? 
These last methods are somewhat tedious and 
lengthy and difficult to adopt on a satisfactory 
production basis. Up to the present, the use of 
etching methods has not led to the adoption of 
definite standards of evidence of overheating, but 
these methods have the advantage of being non- 
destructive. The crozzling indications are not 
always reliable, possibly because of variations in 
furnace atmospheres, or because work on the 
forging involves considerable displacement of 
surface metal. However, surface examination 
following pickling has been employed to a fair 
extent as a preliminary guide to the presence of 
overheating, which has afterwards been confirmed 
by fracture tests or further metallurgical examina- 
tion. 


(2) Fracture Examination. 


A fibrous or ductile fracture is always expected 
of steels in the fully heat-treated condition, and if 
a granular or brittle type of fracture is obtained in 
such a condition there is obviously some structu- 
ral explanation required for it. The fractures 
of overheated or burnt steel are distinctive from 
those of satisfactory steel in that they are granular 
instead of fibrous, with the mat facets of the 
crystals appearing more or less coarse according 
to the degree of overheating which the steel has 
received. This type of fracture is peculiar to 
steels which have been subjected to overheating 
and burning, and it has become usual to submit 
suspected parts to a fracture test. This test has 
obvious limitations in that it is destructive, and 
since overheating is a spasmodic trouble, testing 
on a percentage basis is not completely satis- 
factory. Nevertheless, the fracture test has been 
universally adopted, both in Britain and America, 
as a method of routine works inspection by drop- 
forgers and aircraft-engine manufacturers. 

The fracture test comprises nicking, heat- 
treating, fracturing, and examination of the frac- 
ture. Nicking is necessary in order to facilitate 
fracture at a particular place. Experience has 
shown that it is essential for a forging to be nicked 
in as many places as possible consistent with 
ability to fracture the piece. Nicking may be 
carried out by a saw, milling cutter, or elastic 
wheel; the last named is preferable on account 
of its speed and versatility. A foundry-type 
cutting-off machine for removing risers has proved 
very adaptable for such work. It is, of course, 
often necessary to nick more than half way through 
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the forging, especially on large components, and the 
area left for fracturing will depend on the fracturing 
force available. Many forgings made by the 
upset method, such as gear-blanks, rings, collars, 
and flanges, need be broken across only one 
diameter, especially if they are symmetrical. 
Fergings made “off the bar,” however, need 
careful attention when carrying out the fracture 
test. For example, the “front end” of the bar 
may have been hotter than the remainder, and 
varying amounts of work may have been done 
on different sections of the forging. Many large 
and important aircraft forgings carry integral 
test-bars, and a fracture examination may be 
made on either impact or nicked-fracture test- 
pieces machined from the integral test-bar. When 
planning the manufacture of such forgings, the 
position of the integral test-bar needs careful 
consideration, as it should receive exactly the 
same thermal and mechanical treatment in 
forging as does the forging it represents. The 
size and location of the test-bar must be planned 
with a knowledge of the heating and forging prac- 
tice to be employed. The amount of hot-working 
which it receives and the point in the forging 
sequence where this is done are very important. 
Only by caréful planning can a localized test be 
representative of the whole forging. An error 
which occurred in the author’s experience was to 
arrange for the tong-hold to be the test-coupon, 


‘and this was drawn out almost to finished size in 


the first heat. In the case of one batch of forgings 
so made, the test-coupon showed a very bad over- 
heated fracture, though the forging itself was 
satisfactory, the reason being that the test-coupon 
had been shaped almost to finished size very early in 
the forging operation and had suffered two or three 
reheatings without extra work whilst the forging 
itself was being made. An ideal integral test-bar 
should, if possible, be located at the end opposite 
to the tong-hold and should receive its final work 
in the die impression; also, the amount of work 
given to it in the roughing stages should be as 
similar as possible to that given to the forging 
itself. It is therefore important that aircraft- 
engine manufacturers should consult the drop- 
forger fully when making fracture examinations 
on integral test-bars, and also when designing new 
parts carrying such integral test-bars. 

A further consideration in the location of 
nicking is that it should be carried out trans- 
versely to the grain flow, since a comparison of 
fractures on the same overheated forging reveals 
that the transverse fracture is most sensitive 
to slight overheating, whereas the longitudinal 
fracture may hide its presence. From all the 
above remarks it is evident that a knowledge 
of forging practice is required when conducting 
a fracture examination for the presence of over- 
heating. . 
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With important forgings which do not carry 
integral test-bars, fracture tests on a percentage 
basis have in the past been carried out by some 
aircraft-engine manufacturers, but not by all drop- 
forgers. Such tests are costly and the information 
obtained from them has been insufficient to en- 
able the metallurgist to discriminate between the 
various stages of overheating and burning, and no 
standards have been available for the comparison 
of fractures. When the overheating problem 
reached serious proportions, regulations were 
issued by the inspecting authorities which de- 
manded fracture testing by the drop-forger on a 
percentage of representative samples. Where 
scrap forgings are available, they may be used for 
fracture tests provided that they are representative 
in thermal history of the batch concerned; where 
such forgings are not available, good ones must be 
fractured. It is only by such drastic means that 
overheating can be detected and held in check. It 
thus becomes the responsibility of the drop-forger 
to see that forgings are free from overheating, even 
when such forgings are heat-treated by the aircraft 
manufacturer or other user. 

The next operation in the fracture test is the 
heat-treatment of the nicked forgings. In the 
past, forgings of different steels have been fractured. 
in the normalized, hardened, and fully hardened 
and tempered conditions. At first some confusion 
existed as to the ideal condition in which to 
fracture the forgings. As experience was gathered 
and after the investigation referred to below, it 
became apparent that the best condition for the 
steel is that in which fracture takes place between 
the grains and not across them. The steel must 
be in both the strongest and the toughest condi- 
tion, so that whilst the individual grains them- 
selves resist fracture, some of the grain boundaries, 
by reason of their size and direction and the fact 
that they may be adversely affected by oxide or 
other inclusions, are more easily separated by the 
force applied. In the case of a steel in a softer 
condition, e.g., in the normalized state, the grain 
boundaries, although affected by overheating, may 
yet be stronger than the grains, and hence fracture 
takes place along the cleavage planes of the grains, 
and a bright crystalline or silky or even fibrous 
fracture is obtained. This produces a flat and gives 
a confusing idea of crystal size, since fracture may 
quite easily take place across the short chords of 
even large grains, and furthermore, no evidence of 
oxide tints or films is then to be seen. A further 
disadvantage of the soft condition is that the 
fractures are apt to bend and shear, thus masking 
the true intergranular appearance. Again, in the 
case of a steel in the hardened condition, fracture 
is almost certain to take place “ short,’ across the 
grains and not between them, thus masking the 
overheating unless it is of the gross variety. Most 
alloy steels for aircraft, both of the case-hardening 
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type and others, attain a combination of maximum 
strength and toughness in the range 250-350 
Brinell hardness number, and it has been found 
that this range is most suitable for detecting over- 
heating by fracture tests. The ideal condition, of 
course, varies with different steels, and must to 
some extent be determined by previous experience ; 
however, if the fracture is in any way fibrous or 
shows signs of shear, the hardness of the fracture 
test-piece must be increased by altering the heat- 
treatment. The actual heat-treatment given to 
a particular steel will naturally depend on its type. 
For instance, alloy case-hardening steels need a 
quenching treatment suited to the hardness range 
desired, which may not be that required by the 
specification. Again, in the case of the 4}% 
nickel-chromium—molybdenum air-hardening steel, 
S28, the fracture test may be made in the norma- 
lized condition. However, all such alloy steels 
should be given the benefit of any preliminary 
heat-treatment normally carried out (such as 
refining or normalizing operations) before being 
brought into a suitable condition for fracturing, 
so that the steel may receive any refinement which 
such operations produce. From the foregoing 
remarks on the importance of correct heat-treat- 
ment for the fracture test, it is evident that where 
a large production of forgings is concerned, at 
least two heat-treatment furnaces with quenching 
equipment must be specially assigned to the treat- 
ment of the test-forgings. It is also important 
that the testing should be done without delay, so 
that the forge heating conditions may be adjusted 
immediately if necessary. 

After heat-treatment, the forgings or integral 
test-coupons must be broken at the places nicked 
in order to reveal the fracture. In the past, 
various pieces of equipment have been used for this 
purpose. Very small forgings can be held in a 
vice and broken with a sharp hammer blow, or 
even in a fly press using a V-block and wedge. 
Larger forgings and full production inspection, 
however, call for a power press specially designed 
for the job. An air-operated press of 50 tons’ 
capacity and having a fairly quick stroke was 
found ideal for the purpose. As fracture takes 
place rapidly the mechanism of the press was 
protected with an airdraulic safety attachment. 
over the main cylinder. The press also needs to be 
well guarded on all sides, as the fractured pieces 
are liable to fly dangerously. V-blocks and 
wedges of various shapes and sizes may be required 
to deal with different forgings. Large forgings 
from which it is required to break off only a por- 
tion of the integral test-bar may demand special 
jigs on the press table. By whatever method the 
forgings are broken they should be broken quickly 
with the minimum number of blows (preferably 
one), since any shearing or tearing action affects 
the appearance of the fracture and may obliterate 
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as-rolled billet. 


11.—Basic Open-Hearth S6 (Plain 
Fics. 11-14. 


Carbon) Steel, showing fibre of steel per- 
sisting with signs of “* crozzling’’ under- 


neath. 
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PLATE IX. 
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ample, not heated. Fic. 16.—Heated 


ff 


at 1200°°G.” Fracture Fic. 17. Heated at 1300° Cy Rracture 


a4 


Fig. 15.—Control S 
Fracture fibrous to silky. x 10. showing small granular facets. x 10. granular, with some large crystal facets. 
10. 


Ge eS 


Fic. 18.—Heated at 1400° C. Fracture Fic. 19.—Microstructure of specimen Fic. 20.—The same specimen as in Fig. 19, 
very coarsely granular. x 10. heated at 1400° C. Etched with 3% revealing twinned nature of the austen- 


nital; oblique illumination. x 10. ite. Etched with 3% nital. x 20. 


Fics. 15-20.—Fractures and Microstructure of Basic-Electric S82 (44% Nickel-Chromium—Molybdenum) Steel after Soaking at Various 
Temperatures for } hr. 


Fic. 21.—Before Reclamation Treat- Fic. 22.—After Reclamation Treat- 
ment, showing granular fracture. ment, showing fibrous fracture. 
Fics. 21 and 22.—Transverse Fracture Tests on Overheated 14340 Steel (1$% Nickel— 
Chromium-—Molybdenum) before and after special reclamation treatment. Approximately 
actual size. 
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Fic. 24,—Overheated and Normalized. 


a a 


Fic. 23,—Overheated only. Brinell hardness 
number 201. Bright crystalline fracture Brinell hardness number 207. Fracture of 
which occurred across the grains and to a dull grey fibrous texture which broke flat and 
showed no trace of large crystalline facets. 


large extent masks the true crystal size. 


Fic. 25.—Overheated, Normalized, and Re~ Fic. 26.—Overheated, Normalized, Refined, 
fined. Brinell hardness number 388.  Frac- and Hardened. Brinell hardness number 
ture: Silky grey and exhibiting a few dull 331. Fracture: Dull grey mat, with large 
grey crystal facets. granular facets plainly visible. 


Fics, 23-26.—Transverse Fractures of S90 (5% Nickel Case-Hardening) Steel. Approximately actual size. 


Ce. 


Oe 


Fic. 28.—Overheated and Normalized. 
Brinell hardness number 321. Dull grey 
fibrous fracture, showing no sign of large 
crystal facets. 


Fic. 27.—Overheated only. Brinell hardness 
number 293. Level fracture of bright mat 
crystal facets, indicating some masking of 
the true crysta] grains. 


Fic. 30.—Overheated, Normalized, Hardened, 
and Tempered. Brinell hardness number 341. 
Dull grey mat fracture with large granular 
facets plainly visible. 


Fic. 29.—Overheated, Normalized, and 
Hardened. Brinell hardness number 444. 
Fracture similar in texture to that of the 
normalized condition, but matrix finer ; only 
one or two small crystal facets visible. 

Fics. 27-30.—Transverse Fractures of En 24 (1$% Nickel-Ckromium—Molybdenum) Steel. x 1 (approx.). 
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Fre. 31.—Satisfactory Fracture, transverse Fic. 32.—Overheated (Acceptable) Frac- 
section. No evidence of crystal facets. ture, transverse section. Small crystal 


facets evident. 


i Fea a Ss Me < : 

Fic. 33.—Overheated (Borderline) Frac- Fic. 34.—Severely Overheated Fracture, 
ture, transverse section. Mat granular transverse section. The fracture con- 
facets in 50% of the fracture. sists entirely of mat granular facets, 


sometimes with oxide colorations. 


Fic. 35.—Longitudinal Fracture from Overheated (Acceptable) 
Standard. The effect of the longitudinal fibre exceeds that 
of the small crystal facets evident in the transverse fracture. 


Fic. 36.—Longitudinal Fracture from Overheated (Borderline) 
Standard. The effect of the granular facets in this standard 
exceeds that of the longitudinal fibre, thus confirming that the 
steel has been overheated to a doubtful degree. 


Fics. 31-36.—Standard Fractures of S82 (44° Nickel-Chromium—Molybdenum Case-Hardening) Steel for Detection 
of Overheating. x 2. (See Table I. for treatment and. properties.) 
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the granular form produced by the less severe 
stages of overheating. 

After fracturing, the forgings must be examined 
by a metallurgist or inspector competent to judge 
them. Karly in the epidemic of overheating, this 
phase of the test gave rise to varying opinions, and 
a definite need existed for standards of overheated 
fractures. Some authorities used low-power micro- 
scopes for the examination, while others were 
content with examination by the unaided eye. 
Fracture characteristics are very much a matter 
of personal impression, and loose phrases are often 
used in describing them. It was for this reason 
that an endeavour was made to create a set of 
fracture standards as related below. Whilst on 
this subject one may say it is preferable for actual 
standard fractures to be used by the inspectors 
rather than photographs, since the latter cannot 
indicate clearly the three-dimensional nature of the 
facets present. For preserving fractures of over- 
heated steel, tin-foil carefully pressed on to the 
fracture is more satisfactory in preventing rust 
than lacquering, which often spoils the true 
appearance of those which are slightly granular. 
For the examination of fractures, especially those 
showing slight overheating, a low-power binocular 
microscope, preferably with magnifications up to 
20 and having good oblique illumination, is desir- 
able. Hand lenses or simple bench magnifiers are 
unsatisfactory and tiring to the eyes when many 
fractures have to be examined. A_ binocular 
microscope enables a stereoscopic view of the 
fracture to be obtained, and thus gives a true 
enlargement; such an instrument is essential to 
detect any oxide colours or tints that may be 
present on the crystal facets of severely over- 
heated steel. 


Experimental Work. 


In the early stages of this investigation of over- 
heating in alloy steels, experimental work was 
carried out in an attempt to correlate the surface 
appearance after etching with the fracture examina- 
tion and also with any changes in the microstruc- 
ture and static physical properties of the steel. 
Some results on a cast of basic-electric 44% 
nickel-chromium—molybdenum steel, S82, were 
most interesting; the results of the surface ex- 
amination have already been reported under that 
section, and the fracture examination will be 
described below. The samples of this steel were 
overheated for $ hr. at 1200°, 1300°, and 1400° C., 
and a control sample (i.e., one not overheated, 
from the rolled billet) was also run for comparison 
purposes. After overheating, the samples were 
slowly cooled, then hardened by oil-quenching 
from 760° C., and stress-relieved at 180° C. The 
resultant Brinell hardness number was 402, and 
the samples were fractured transversely in this 


condition. The fractures were examined and 
1946—i 
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photographed under oblique illumination at a 
magnification of 10; Figs. 15, 16, 17, and 18 
refer to the control sample and the samples over- 
heated at 1200°, 1300°, and 1400° C., respec- 
tively. Visually, the fractures could be described 
as follows : 


Control sample . : 
Overheated at 1200° C. 
Overheated at 1300° C. 


Fibrous to silky. 

Slightly granular. 

Granular, with some large 
crystal facets. 

Very coarsely granular with 
oxide tints or films on the 
crystal facets. 


Overheated at 1400° C. 


The oxide tints or films on the crystal facets of 
severely overheated specimens are often only to 
be observed on a freshly fractured specimen, and 
appear to fade with time. The results of the 
surface examination of these samples are shown in 
Figs. 7, 8, 9, and 10, respectively, and it will be 
seen that a more or less complete correlation of the 
surface grain-size with the fracture grain-size was 
obtained. The grain-sizes of the pickled surfaces 
were measured, with the following results : 


No. of grains/sq.in. Equivalent A.S.T.M. 
Treatment. x 10. Grain-Size No. 
Control sample . . Approx. 5000 Approx. 7 
Overheated at 1200° C. 35 300 9 2-3 
Overheated at 1300° C. as 50 Pe 0 
Overheated at 1400° C, — 8 » —o 


As the crozzled skin can be taken as an indica- 
tion of the grain-size of the steel at the maximum 
temperature to which it is heated, it will be seen 
that a steel of comparatively fine grain-size is 
transformed to one of comparatively coarse grain- 
size on heating to the normal forging temperature 
of 1200° C., and becomes a great deal coarser as 
the temperature is increased above this. Etched 
microspecimens from the sample overheated at 
1400° C. showed large grains quite visible to the 
unaided eye, and in order to confirm that the 
crozzled-skin grain-size could be correlated with 
the internal grain-size (in the absence of work), a 
photograph of this particular microsection was 
taken under oblique illumination, at 10 magni- 
fications (Fig. 19). Oblique illumination was 
found useful at this magnification in that it 
revealed the differing orientations of the large 
grains. Although it is difficult to assess the grain- 
size of a granular fracture because of its three- 
dimensional nature, a comparison of Figs. 10, 
18, and 19 shows good agreement. For the sake 
of interest, Fig. 20 is included which was taken 
from the same microsection as Fig. 19, and reveals 
the twinned nature of the coarse austenitic grains. 

In order to determine which condition would 
be most sensitive to the detection of overheating 
by the fracture test, samples of two aircraft steels 
were overheated and fractured in various condi- 
tions approximating to those produced by the 
commercial heat-treatments normally given to the 
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steels. Both were alloy steels, one being the 
well-known case-hardening 5% nickel steel, S90, 
and the other being the 14% nickel-chromium— 
molybdenum steel, En 24. The analyses of these 
steels are : 
0, Si, 8, Py Mn, Ni, Or, Mo, 
Yo: Yo Yo: Yor Yo Ye Y Yo 
S90. 0-13 0:25 0-018 0:025 0:39 5:10 0-20 0-19 
En 24 0:40 0:20 0-020 0-030 0-69 1-79 0-95 0-25 
Transverse fractures were conducted as these 
are more sensitive to overheating. Samples of 
the two steels were first forged from rolled billets 
to test-bars approximately 2 x 1} in., the maxi- 
mum heating temperature for forging being 1200° 
C. The bars were then overheated by soaking 
for 1 hr. at 1350° C., and then air-cooled. The 
heat-treatments carried out were those which are 
usually given to the steel in practice, viz., nor- 
malizing at 900° C., refining by oil-quenching 
from 850° C., and hardening by oil-quenching 
from 760° C. for the case-hardening steel, and 
normalizing at 880° C., hardening by oil-quenching 
from 850° C., and tempering at 570° C. for the 
nickel-chromium—molybdenum steel. The steels 
were fractured in all these conditions and also in 
the overheated condition. In addition, the Bri- 
nell hardness was measured. Photographs of the 
resulting fractures are shown in Figs. 23 to 26 for 
the S90 steel and in Figs. 27 to 30 for the En 24 
steel. In the overheated condition, the fractures 
were crystalline but more or less flat and level; 
fracture had occurred across the grains and this 
had to some extent masked the true crystal size. 
In the normalized conditions, dull grey silky-to- 
fibrous fractures were obtained, with no trace of 
crystalline facets. In the fully hardened or re- 
fined conditions the fractures were similar to 
those of the normalized condition, except that 
the matrix of the fracture was finer and more 
inclined to be silky and contained a small propor- 
tion of dull grey crystal facets. In the case of the 
S90 steel the correct condition for fracture was 
that produced by the commercial treatment of 
oil-quenching from 760° C., in which condition 
the fracture exhibited large mat granular facets. 
In the case of the En 24 steel the correct condition 
for fracture was the hardened and tempered state, 
which possessed the best combination of strength 
and toughness, and here again the fracture showed 
a large proportion of mat granular facets. It 
would thus appear that the final heat-treated 
condition usually applying to the steel in correct 
practice is the most suitable for fracture examina- 
tion. It should be noted that although normaliz- 
ing preceded hardening in this investigation, it is 
not necessary in heat-treating for the fracture 
test, except in so far that it is advisable to give the 
steel the benefit of any such refining heat-treat- 
ment. In this respect also, case-hardening steels 
deserve any benefit which accrues from a blank 
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carburizing treatment, as it is known that car- 
burizing treatments help to refine a coarse over- 
heated structure if the overheating has not been 
too severe. 


Fracture Standards. 


Early in this investigation of overheating, the 
establishment of fracture standards appeared to 
be most desirable. Although it was understood 
and generally agreed both by drop-forgers and 
users that material showing even slightly granular 
fractures was to some extent overheated, there was 
a definite need at the time to use such material, 
provided that it could be proved satisfactory for 
the purpose intended. The establishment of frac- 
ture standards for overheating necessarily involves 
consideration of the effects of overheating on the 
mechanical properties of the steel. At the time, 
the need for such standards was urgent and this, 
to a large extent, precluded fatigue tests, which 
are necessarily of long duration; in particular 
such tests had to be excluded because any reduc- 
tion of the fatigue strength caused by over- 
heating has been shown to be very erratic ? and 
so a very large number of tests would have been 
necessitated. The course adopted in the emer- 
gency which prevailed was to prepare a set of 
fracture standards by overheating to various con- 
trolled degrees, and then to measure the static 
mechanical properties. Overheating reduces the 
impact and ductility values considerably, although 
perhaps not below specification requirements. 
The degree of overheating which caused a reason- 
able reduction of these properties, say, 20°%, below 
the average for correctly treated material, was 
taken as the standard. Material having a frac- 
ture superior to that on the standard was accept- 
able, and that having a worse fracture was re- 
jected. In borderline cases, forgings could be 
sectioned at selected locations for tensile tests 
which were correlated with the control test-bars of 
the cast, the latter having been heated and forged 
under conditions not likely to produce over- 
heating. Another basis on which to assess an 
acceptable fracture is the difference between the 
transverse and longitudinal fractures. The former 
are more sensitive to overheating, which in its 
mild stages does not affect the longitudinal frac- 
ture; but at a certain stage in overheating, the 
granular facets make their appearance in the 
longitudinal fracture, and there would appear to © 
be some logic in arguing that when the facets do 
not show in the longitudinal fracture, the steel is 
acceptable from the point of view of the fracture 
test. When facets do show in the longitudinal 
fracture, overheating is present in the steel to a 
degree which nullifies the extra qualities imparted 
to the steel by its longitudinal grain or fibre. Thus 
the tensile properties of such a steel would pro- 
bably be depressed at least approximately to the 
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same extent as is occasioned by transverse fibre, granular nature of the fractures. The standards 
which is often considerable in the directions of selected were as follows : 
ductility and impact resistance. 


In preparing a set of fracture standards it was (a) Satisfactory (Fig. 31).—The fracture and 
considered necessary to make a set for each type mechanical properties of this standard are 
of alloy steel used for the most important aero- ideal; the three mechanical tests show a fair 
engine parts, and it was desirable where both basic degree of uniformity. 
open-hearth and electric steels were used to make (b) Overheated (Acceptable) (Fig. 32).—This 
standards from both types of steel. Typical fracture shows a proportion of small mat 
standard fractures proposed for a 44% nickel— facets, which have had the effect of very 
chromium—molybdenum case-hardening steel, 882, slightly reducing the elongation, reduction of 
are shown in Figs. 31 to 36, and the results of area, and Izod impact values. 


TaBLE I.—Mechanical Properties of Fracture Standards of 44% Nickel-Chromium—Molybdenum 
Steel (S82). 
Analysis.—C 0:17%, Si 0:25%, S 0-019%, P 0:030%, Mn 0-40%, Ni 4-06%, Cr 1-23%%, Mo 0:33%. 
Heat-Treatment.—Refined: 14 hr. at 830° C., O.Q. Hardened: 1} hr. at 760° C., O.Q. Tempered: 3 hr. at 


180° C. 
Longitudinal properties of test-pieces from flat test-bars 3 x 14 in. section. 
| 
Yield Point, Tensile ‘ . Average ‘ 
Standard, Mie. wo, | “aldo | strength, | igrgnign | apuction of | aod rast, | ego, 

Satisfactory 31 89-9 93-1 14:0 54:0 43-0 415 
88:5 92-0 15:0 62:0 43-0 415 
91-3 92-4 15-0. 51-0 44-0 415 

Average oe 92-5 14-6 55:6 43-6 
Overheated (acceptable) 32 89-0 92-7 14-0 62-0 46-0 415 
88-9 92-7 14-0 50-0 36-0 429 
91:3 92-4 15:0 45:0 43-0 415 

Average ee 92-6 14:3 52:3 41-6 

Overheated (borderline) 33 92:0 93-6 15-0 48-0 36-0 

84-9 87-4 11-0 56:0 40-0 

83-8 94-2 10-0 35-0 32:0 


Average ae 91:7 12-0 46-3 36:0 


Severely overheated 34 ® 6h 89-2 4-0 10-0 21:0 
igh 91-7 2:0 6:0 22-0 


Average S05 90-45 3-0 8-0 21-5 


85-0 12-0 nee 25:0 


Specification value 


* 120-ft. lb. machine; British Standard round test-piece. 


mechanical tests carried out on these standards (c) Overheated (Borderline) (Fig. 33).—This 
are given in Table I. In preparing these stan- fracture exhibits a considerable proportion of 
dards, flat test-bars 3 x 14 in. thick were carefully mat granular facets, and these have had the 
forged so as to be free from overheating. This effect of depressing the ductility and impact 


shape of test-bar was used in order to be able to values by about 20%; the erratic nature of 
make longitudinal fractures, in addition to the the three tests should be noted. 

usual transverse fracture. The bars were then (d) Severely Overheated (Fig. 34).—This frac- 
heated for 1 hr. at various temperatures above the ture consists entirely of large granular facets, 
recognized safe maximum, cooled in air, and heat- the effect on the mechanical properties being to 
treated as indicated in Table I. All bars were so depress the ductility and impact resistance 
treated in triplicate. Four standards or degrees to a degree which makes acceptance of steel 


of overheating were then selected according to the having such a fracture impossible. There was 
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also a slight fall in the tensile strength, and the 
yield points could not be observed; this fact, 
together with the very low elongation values, 
suggests that failure might have taken place 
actually within the elastic range. 


Longitudinal fracture tests were conducted on 
the acceptable and borderline fractures and the 
results are shown in Figs. 35 and 36 respectively. 
In the former, the deleterious effect of the small 
crystal facets is not strong enough to interrupt 
the longitudinal fibre, and thus this standard is 
an acceptable one. In the case of the borderline 
fracture, the effect of the mat granular facets has 
overcome any superior longitudinal-fibre proper- 
ties, and it is considered that this represents a 
doubtful and dangerous condition which should 
not be accepted for such high-duty applications 
as aero-engine components. 

When these standards were being prepared, 
note was taken of the furnace temperatures and 
conditions which were used to produce them. The 
four standards depicted in Figs. 31 to 34 were 
produced by heating for 1 hr. at temperatures of 
1150°, 1300°, 1850°, and 1400° C. respectively in 
a pulverized-fuel-fired forge furnace normally used 
for production. Temperatures were measured by 
an optical pyrometer with the furnace flame 
turned down, and were also checked by periodic 
immersions of a rare-metal thermocouple fitted 
with an indicator. However, it must be em- 
phasized that furnace types and conditions may 
well differ from plant to plant, and therefore the 
temperatures stated bear accurate significance 
only with regard to the fractures shown for the 
particular conditions used. From the point of 
view of preventing overheating by controlling the 
maximum temperature to which the steel is heated 
and by the use of fracture standards, it is desirable 
that each plant should in the first instance produce 
its own standards, which can afterwards be 
adjusted to the user’s standard, or any other 
standard which may be prepared. 


(3) Metallographic Examination. 


The microstructures of overheated and burnt 
plain carbon steel are familiar to most metallur- 
gists. That of burnt steel has already been 
referred to (see Figs. 3 and 4). Overheating is 
detected in the microstructure of plain carbon 
hypo-eutectoid steels as ferrite envelopes out- 
lining the transformed austenitic grains, and 
frequently the degree of overheating can be 
assessed from the size of these grains and from 
the acicularity of the ferrite off-shoots*which often 
penetrate the grains. Fig. 37 shows the micro- 
structure of a 0-40°% carbon steel, S6, which has 
been overheated in forging. Such plain carbon 
steels will usually respond, however, to the normal 
methods of heat-treatment, after which little, if 
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any, evidence of overheating remains either in 
the structure or in the properties. The micro- 
structures of overheated and burnt alloy steels 
which do not respond fully to normal heat-treat- 
ment are by no means as clear. Austin’s work on 
burnt alloy steels? described how a special 
etching reagent consisting of an aqueous solution 
of 10% nitric acid and 10% sulphuric acid was 
used to detect burning or overheating in the form 
of dark markings more or less outlining the 
austenitic grains, which were then shown to be 
similar in size to the mat crystals revealed by the 
fracture. Fig. 38 illustrates this type of structure 
in an overheated specimen of a 14% nickel— 
chromium—molybdenum steel, En 24. When Aus- 
tin’s work was published, a good deal of discus- 
sion took place both on the relative merits of 
such a strong etch, and on the theories advanced 
to account for the particular intergranular effect. 
It was generally agreed that the detection of burn- 
ing was most difficult without the use of special 
etching reagents, and the nearest approach to 
anything definite in the very lightly etched micro- 
structure of burnt alloy steel was the appearance 
of chains of very minute particles “‘ with possibly 
larger particles at the cross-roads ” (grain-boun- 
dary junctions). It was suggested that such 
particles were not normal inclusions in steel and 
might conceivably be the results of gas evolution 
which had occurred as the temperature of the steel 
increased. It is not proposed to discuss the 
theory of the mechanism of overheating and 
burning in alloy steels at this stage; the interested 
reader is advised to consult Austin’s paper * and 
also the discussion on it. However, from the point 
of view of the detection and confirmation of over- 
heating, the subject of the strong etching reagents 
and their effect on the steel is more interesting. 
Since the publication of the above-mentioned work, 
the aqueous acid solution has been fairly widely 
used on prepared microspecimens for the detection 
of overheating. Some metallurgists hold the 
view that the test does not operate with the 
3% chromium—molybdenum steel, D.T.D. 306. In 
any case, the test must be carried out on an 
internal section of the steel. Whilst it is possible 
to do this with many large forgings which carry 
integral test-bars, and others where a microsection 
can be sawn off or conveniently trepanned from a 
hole, the test is clearly not applicable to smaller 
forgings. The crozzling phenomena would impede 
examination of the surface, unless the latter had 
been removed by machining, and in any case the 
results would not be representative of the steel 
generally. 

The use of this particular etching reagent 
appears to require care. It is used cold, but at 
least three, if not more, 30-sec. periods of etching 
are required, in between which the surface being 
etched must be cleaned with cotton-wool under 
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running water and then dried; finally, it is 
advisable to repolish the surface lightly with a 
chromic oxide pad, and again wash and dry 
the specimen before it is examined. Microscopic 
examination is usually carried out at 100 magni- 
fications. It need hardly be mentioned that the 
use of this reagent completely obliterates any other 
details of the structure, except at the boundaries 
of the austenitic grains present when over- 
heating has occurred. Here it must be stated 
that what appears to be an exaggerated condition 
is produced. The reason for this statement 
emerges from some experience in the examination 
of overheated alloy steels which have been polished 
electrolytically, and then etched in the usual 
manner with 3% nital. By its nature, electrolytic 
polishing removes metal from the surface of a 
specimen in an ideal way, and gives a structure 
free from any surface irregularities such as may be 
present with mechanical polishing, or which might 
be inhibited by surface-tension effects of strong 
acid reagents. In overheated alloy steels, the 
intergranular films, voids, flowed inclusions, or 
whatever they may be, must necessarily be ultra- 
small if they cannot be observed in the unetched 
microsection. It is therefore quite likely that no 
matter how carefully the final mechanical polishing 
is carried out, the resultant distorted layer will 
hide such ultra-thin films. Electrolytic polishing 
has been used by the author with success to reveal 
what appear to be films at the grain boundaries of 
the original austenite grains. Figs. 39 to 42 show 
photomicrographs of sections of a 5% nickel case- 
hardening steel, S90, in different states of over- 
heating. Fig. 39 represents a control sample of 
the steel (not. overheated and in the as-rolled 
condition) and Figs. 40 to 42 show samples of the 
steel after overheating for 4 hr. at temperatures of 
1200°, 1300°, and 1400° C., respectively. The 
increasing size of the austenite grains and the 
accompanying increase in the acicularity of the 
carbides or the size of the austenite twins with 
increase in temperature, are well marked, together 
with the ‘ grain-boundary indications.” These 
photomicrographs were taken with the steel in the 
untreated condition after overheating, but the 
films at the grain boundaries are revealed by 
careful electrolytic polishing when in the hardened 
condition, and this is the case also with other 
common alloy steels. It was observed that such 
films were always extremely thin when correctly 
polished, and a magnification of 500 is best suited 
to their detection. As the usual action of electro- 
lytic polishing is to accentuate any discontinuities 
in the surface, it is likely that the films themselves 
are extremely thin, so thin, in fact, that they 
cannot be seen at the highest magnifications on 
unetched specimens. The present photographs 
were taken at magnifications of 250 to show the 
nature of the increasing grain-size. 
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The use of metallographic examination for the 
detection of overheating must at present be more 
or less strictly confined to confirmation of the 
results of other tests, such as fracture, &c. It is 
not practicable as a routine check because of the 
fact that overheating may be local, and also the 
surface-crozzling phenomenon interferes with it; 
and its use on integral test-coupons must be re- 
stricted to those which have been correctly de- 
signed and made to represent the conditions of the 
forging. 


(4) Mechanical Tests. 


Apart from the work of Austin (loc. cit.) very 
little information has been published on the 
mechanical properties of overheated alloy steels. 
Since that work was published, the drop-forging 
industry has heard complaints from time to time 
of a reduction in fatigue strength in forgings, 
although satisfactory static mechanical properties 
have been obtained. There is no doubt that the 
fatigue limit of steel is considerably reduced by 
severe overheating or burning, but that of steel in 
the less severe states of overheating needs some 
investigation, especially when it is considered that 
such a state is perhaps not the result of negligence 
or lack of control on the part of the drop-forger. 
To reject such steels in the slightly overheated 
condition because tests on other steels in perhaps 
a different and far worse state of overheating have 
shown poor or erratic fatigue values, is to invite 
criticism, especially if the static mechanical pro- 
perties on which the steel is normally bought and 
sold are maintained at a fair margin above the 
minimum specification requirements. 


Static Mechanical Properties. 


The author’s experience on the static mechanical 
properties of overheated alloy steel can be 
generalized in the following statement, which is 
based on results and observations from a large 
number of tests on different types of steels, some 
typical values of which are given in Table I. for a 
cast of 44°% nickel-chromium—molybdenum case- 
hardening steel, S82. 


(a) Satisfactory Steel——Provided that heat- 
treatment conditions are uniformly controlled, 
a high degree of uniformity should prevail in 
the test results obtained from specimens heat- 
treated in different batches but belonging. to 
the same cast. 

(b) Slightly Overheated Steel.—Provided that 
there are control tests (made on test-bars forged 
under ideal conditions) to which reference can 
be made for any particular cast, slightly over- 
heated steel is revealed in the slightly reduced 
values of elongation, reduction of area, and 
impact-resistance obtained in the mechanical 
tests. These reductions are not usually more 
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than approximately 5° and are best seen in the 
reduction-of-area test. 

(c) Overheated Steel.—With the same provi- 
sions as for slightly overheated steel, the duc- 
tility and impact-resistance values for over- 
heated steel may show considerable reductions, 
perhaps up to 20%, below those expected and 
given by control tests on specimens free from 
overheating. The properties may still be above 
the minimum specification requirements, but 
this borderline condition is a very doubtful one 
and can really be clarified only by a series of 
fatigue tests carried out on specimens in such a 
condition. This stage may be accompanied by 
a more or less brittle type of fracture. 

(d) Severely Overheated Steel_—In this case 
all the static mechanical properties may be 
affected except the hardness. The ductility 
and impact resistance may be reduced to very 
low values, and failure may actually take place 
within the elastic range, thus reducing the 
ultimate tensile strength and eliminating the 
yield point if the overheating is very severe. 
In such a case the recording and examination of 
the load/elongation curves should prove inter- 
esting. This stage is almost certain to be 
accompanied by a brittle, rather than a ductile, 
type of fracture. 


In preparing the fracture standards for the 44% 
nickel-chromium—molybdenum steel, S82, men- 
tioned above, test-bars were overheated at various 
temperatures, but only four of these were selected 
as standards. In addition, control tests were 
carried out on bars not overheated but heat- 
treated with the overheated samples at the same 
time. On all these bars mechanical tests were 
made in triplicate. Some of the mechanical-test 
results for the selected standards have already 
been given in Table I., and the average elongation, 
reduction of area, and Izod impact values are 
shown graphically in Fig. 43 for the whole series of 
tests. It will be seen that up to 1350° C. the 
curves for reduction of area and impact resistance 
follow each other closely, and that both these 
properties and the elongation commence to fall off 
seriously only when 1300° C. is passed. An 
interesting feature was the slight but definite in- 
crease in the reduction of area and impact resist- 
ance on heating at normal forging temperatures, 
i.€., approximately 1200° C. 4 


Fatigue Properties. 

Fatigue tests were carried out on a well-known 
aircraft alloy steel, S90 (5° nickel case-hardening 
steel), in order to determine the effect of over- 
heating in drop-forging within the limits in 
which it might occur owing to lack of furnace- 
temperature control or excessive time at high 
temperatures. For this latter purpose it was con- 
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sidered that soaking for } hr. at these tempera- 
tures would normally cover such eventualities. 
The samples were prepared from a basic-electric 
cast of 14-in. sq. billets of the following analysis : 
Ni,%. Or, %. 
5:00 0°27 


Mo, %. 
0-14 


Chon BEG EG — Ry Sho tin 9 
0-14 0-17 0-031 0-012 0-30 


Four sets of specimens were prepared : 


(1) As-rolled (control samples, not overheated). 
(2) Heated for } hr. at 1200° C. and air-cooled. 
(3) Heated for 4 hr. at 1300° C. and air-cooled. 
(4) Heated for 4 hr. at 1400° C. and air-cooled. 


The samples were then machined to 4 in. dia., 
refined for 1 hr. at 850° C. and air-cooled, and 
hardened by oil-quenching after 1 hr. at 760° C. 


Specification 
reguirements: 


over- 20 JO 50 

heated. ) ow, Average /zod impact strength, ft. /b. 
Elongation, % on 2 in. 
Reduction of area, %. 


Fie. 43.—Ductility and Impact Resistance of S82 Steel 
Overheated at Various Temperatures (cf. Table I.). 


Figs. 39 to 42 show photomicrographs of these 
samples in the overheated condition and reflect 
the increasing grain-size which occurs with rising 
temperature. The fatigue tests were carried out 
on a Haigh testing machine (alternating direct 
stress) on the basis of 10 million reversals with a 
zero mean stress. Test results obtained are shown 
in Table II. It will be observed that although 
there is an appreciable reduction in the ductility 
and impact resistance of the sample heated at 
1300° C., the fatigue strength is not impaired. 
The low fatigue value of the sample heated at 
1200° C. is considered to be at least partly attri- 
butable to experimental error, since this is a normal 
forging temperature for this steel, although the 
test-bars on which these results were obtained were 
not hot-worked after overheating. The fatigue 
strength of the sample heated at 1400° C. shows a 
considerable reduction, which might cause pre- 
mature failure in highly stressed parts, especially 
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TABLE Il.—WMechanical Properties of 5% Nickel Steel (S90) Overheated at Various Temperatures. 
#-in. dia. test-piece refined at 850° C. and oil-hardened at 760° C. 


- = 
. F Samples Overheated for 4 hr. at: 
eat Control Sample. 
1200° 0, 1300° 0. 1400° O. 
Yield point, tons/sq.in. : ay: 76-0 75:4 78:0 77:2 
Maximum stress, tons/sq.in. . 65 min. 77-6 77-0 79-2 79-8 
Elongation on 2 in., % 13 min. 16-0 15:5 13-0 12-0 
Reduction of area, % . : Soe 55-0 53-0 47-0 40-0 
Izod impact strength, ft. Ib. . 30 min. 49, 53, 62 48, 50, 52 40, 41, 42 36, 37, 40 
(51-3) (50-0) (41-0) (37-6) 
Brinell hardness number - She 341 341 341 341 
Appearance of fracture Satisfactory. | Satisfactory; | Showed evi- Showed evi- 
no evidence dence of mat | dence of large 
of over- crystal facets mat crystal 
heating. indicative of | facets indica- 
slight over- tive of over- 
: heating. heating. 
ales eae tons/sq.in. +31 min.t 35-3 33-0 35-1 32-3 
atigue ratio : : 47-7 45:5 42-8 44:3 40-4 
ated 


* At 107 cycles; mean stress = zero; Haigh machine. 
+ Usual accepted value for this steel under conditions stated. 


{ Percentage of tensile strength. 


if such parts were heat-treated close to the lower 
limit of the specified maximum stress. 

These tests were undertaken to cover what were 
considered to be eventualities in production at the 
particular plant in question, 7.e., accidental heating 
for periods of up to 4 hr. at temperatures exceeding 
those normally used in pulverized-fuel-fired forge 
furnaces. The fatigue results obtained may not be 
indicative of those to be expected from the same 
type of steel overheated under other conditions, 
and especially if soaked for a longer time at the 
highest temperature, namely, 1400° C. 

To sum up the effect of overheating on the 
fatigue strength of alloy steel, one can say that it 
would appear that this is only impaired when the 
ductility and impact resistance are appreciably 
lowered below the expected or normal values, and 
when an approach is made towards a brittle, 
instead of a ductile, type of fracture. 


METHODS OF PREVENTING OVERHEATING AND 
RECLAIMING OVERHEATED ALLOY STEELS. 


Prevention of Overheating. 


In order to prevent overheating, one must 
understand the causes, 7.e., such factors as tem- 
perature and time of heating, furnace atmosphere, 
type of furnace, and amount of hot work given to 
the forging in its various stages of production. It 
may be stated that if a piece of steel is heated 
quickly and uniformly to its normal forging 
temperature and then forged immediately so that 
even the largest section of it receives a reasonable 
amount of work, no overheated structure will 
occur. This ideal is not easy to obtain in prac- 
tice, and in Britain various factors have combined 


to militate against it. The type of furnace which 
has commonly been used for drop-forging has not 
been of the best design. Generally, furnaces have 
been too small and badly fired, thus making uni- 
formity of temperature practically unattainable. 
In pre-war days, oil fuel was favoured, but war 
conditions necessitated to a large extent a return 
to gas and pulverized fuel. Whilst gas and oil 
fuel can be ideal if sufficiently pure and clean 
and properly fired, pulverized fuel has provided 
many difficulties in the shape of non-uniformity of 
temperature and the slagging of the ash which 
takes place on the hearth floor of the furnaces if 
the melting point of the ash is at all low. In 
addition to non-uniformity of temperature, nearly 
all conventional forge furnaces suffer from flame 
impingement. Both these factors make it very 
dificult to apply pyrometric control to such 
furnaces, the main difficulty being that the loca- 
tion of the pyrometer should be such that the 
temperature indicated or recorded by it is not 
exceeded by that of any other part of the furnace. 
Again, it is only in very recent years that instru- 
ments have been available which are capable of 
indicating, recording, and controlling forge-furnace 
temperatures and at the same time can withstand 
forge conditions. Temperatures of 1200—1400° C. 
are a little beyond the capabilities of ordinary 
thermocouples for reliable continuous operation, 
and so far the optical pyrometer has not been made 
automatic even for indicating purposes, and 
requires human direction, focusing, and adjust- 
ment to obtain a reading. The radiation pyro- 
meter remains, and here again it is only in recent 
years that this has been made sufficiently robust to 
withstand forge conditions. These remarks apply 
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to the application of pyrometric control to the 
furnaces, and even where this has been done 
successfully, it is advisable to check the tempera- 
ture of the steel in the furnace. For the latter 
purpose, three main types of pyrometer have been 
used—the optical, the radiation, and the photo- 
electric. The radiation pyrometer as applied to 
individual spot-checks has always suffered from 
being too slow in action, and it requires care in use 
especially in regard to the attainment of black- 
body conditions. However, a luminous flame 
does not affect the readings to any material extent. 
The photo-electric pyrometer, whilst being very 
accurate and capable of giving instantaneous 
readings, is at present too expensive for applica- 
tion to a forge furnace. 

Optical pyrometers provide a very useful means 
of checking furnace or metal temperatures, but 
care should be taken to see that the temperatures 
observed are not affected by flame; when readings 
are being taken, the furnace should be momentarily 
turned down if this is possible. It is not always 
practicable to sight the optical pyrometer on the 
charge in the furnace, and often the temperature 
of the steel is measured after withdrawal from the 
furnace ; it is usually most satisfactory to measure 
the temperature after the first hammer blow has 
caused the heating scale to fall away. Naturally, a 
temperature somewhat below that prevailing when 
the charge left the furnace is to be expected under 
such conditions, and due allowance must be made 
for this when assessing the furnace temperature 
from such readings. 

The estimation of furnace temperatures by eye 
and experience is a useful aid to the avoidance of 
overheating when used together with some form of 
pyrometer. An observation of furnace conditions 
will often indicate whether a furnace or charge is 
being uniformly heated or not. Not the least 
important factor in avoiding overheating is the 
need for skilled furnacemen who are really inter- 
ested in their job. The orderly charging and 
discharging of batch-type furnaces so that each 
piece of steel receives the same amount of heating 
is necessarily dependent on the human element, 
and in this respect continuous reheating furnaces 
have much to commend them. Such furnaces 
usually lend themselves more readily to automatic 
temperature control; care should be exercised, 
however, to ensure that the steel is not allowed to 
remain in the furnace for too long a time in the 
high-temperature zone; this may occur if a 
hammer breaks down or if continuous operation 
of the furnace is interrupted. 

Where drop-forgings are made “ off the bar,” 
the use of continuous furnaces is to a large extent 
precluded, and where such work is carried out with 
batch-type furnaces, care should be exercised to 
see that the “‘ front ends ” of the bars are not over- 
heated. This can often occur because of the desire 
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of the operator to ‘‘ chain-stamp ”’ several forgings 
from one heat if possible. 

Although they are perhaps not applicable at 
present to all the various sections of steel and 
partly formed forgings now reheated for drop- 
forging, there is a distinct possibility that electri- 
cal heating methods such as resistance and induc- 
tion, both of which can be accurately controlled, 
will provide the heating methods of the future for 
small sizes or special applications. By the use of 
such methods it should be possible to eliminate 
overheating entirely. 

It has been found a difficult task to prescribe 
maximum forging temperatures for each class of 
steel. Even different heats of the same type of 
steel may well have a different susceptibility to 
overheating. Extrapolation from the solidus line 
of the equilibrium diagram is not practicable, since 
it appears that overheating occurs in varied 
degrees at temperatures well below the solidus. 
Generally, it may be stated that none of the alloy 
steels used in the aircraft industry should be 
allowed to exceed 1250° C. for any length of time ; 
temperatures well below this will often allow of 
satisfactory forging on some parts if the steel has 
been heated throughout its mass. On the other 
hand, some types of forgings are difficult to forge, 
especially upset gears, rings, and flanges, where a 
large amount of metal displacement takes place, 
and reheating and restriking are often necessary to 
obtain the required shape. The last operation may 
entail only a small amount of work and hence such 
forgings may suffer from overheating; it is signi- 
ficant that forgings of these types were the cause 
of many complaints of overheating. In the same 
way, forgings which are restruck for dimensional 
or other defects are also liable to suffer from over- 
heating. It is essential that the forging should 
receive as much work as possible in the final heat. 
Some experimental work on the effect of work on 
overheated steel showed that 30% reduction of 
area by forging from the same temperature was 
sufficient to refine the grain of the steel and prevent 
a coarse fracture from being obtained, but smaller 
amounts of work may need careful investigation. 

The systematic routine detection of overheating 
in the product may also be used to control over 
heating. This can be carried out by the use of 
pilot bars or forgings, by examination of integral 
test-bars on large forgings, or by examination of a 
percentage of the forgings where small forgings are 
concerned. The fracture test is the most reliable 
one to use, but the results can always be correlated 
in important cases with a full metallurgical ex- 
amination, involving surface examination, metallo- 
graphic examination, and mechanical tests. All 
methods should be based on the control of each 
shift’s production and, of course, on different casts 
of steel if more than one cast is used during a 
shift. Equipment such as that described under 
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the heading of the fracture examination should 
be available to deal quickly with representative 
samples of each shift’s production, so that it is not 
cleared for heat-treatment or further costly pro- 
cessing unless a satisfactory negative reaction to 
overheating is obtained. Pilot test-pieces may 
be used which take the form of two or more bars 
or forgings placed at each end of the initial furnace 
charge and left there until the completion of the 
shift or production period, after which they are 
fabricated into forgings and checked for over- 
heating. The deliberate subjection of steel to the 
extreme conditions prevailing during any particu- 
lar production period and the destructive testing of 
such steel, should prevent any danger of overheated 
forgings escaping detection if the pilot test-pieces 
are satisfactory. This method necessitates the 
checking of each cast of steel for its susceptibility 
to overheating during the production period over 
which it will be used, and to determine that it does 
not overheat to an extent which prevents full re- 
covery of the metal on being forged and heat- 
treated; and, although perhaps more elaborate 
than the method of destruction of a percentage of 
forgings by fracture testing, it is more economical, 
and if carefully controlled will ensure a satisfactory 
product. Whatever method of sampling is adop- 
ted, it must be representative, and fracture stan- 
dards are very necessary. Experience has shown 
that systematic technical control of the heating 
process is necessary if overheating is to be avoided ; 
by regular observation and supervision by ex- 
perienced personnel it is possible to reduce both 
the incidence and severity of overheating in drop- 
forgings. 


Reclamation of Overheated Steel. 


With regard to the reclamation of overheated 
forgings, various special heat-treatments have 
been suggested and used with varying degrees of 
success. So far it has not been found possible to 
reclaim burnt steel or even severely overheated 
steel—i.e., steel which shows oxide tints or films 
in the crystal facets when fractured. However, 
the less severe types of overheating, whilst not 
responding to normal heat-treatment methods, 
show a fair measure of response to special heat- 
treatments, and amongst those which have been 
used are : 


(1) Repeated normalizing operations (per- 
haps as many as six times). 

(2) Normalizing at temperatures of 50-100° C. 
higher than usual, followed by normalizing at 
the usual temperature. 

(3) Soaking for a period of a few hours at case- 
hardening or higher temperatures (1150° C. has 
been used). 


All these treatments are followed by the usual 
orthodox hardening and tempering operations. 
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In practice, these operations have proved diffi- 
cult from two standpoints, namely, high costs, and 
the high degree of scaling and the loss of dimensions 
which take place at elevated temperatures. It has 
been found expedient, for instance, in the case of 
soaking for any period of time at elevated tempera- 
tures, to pack the forgings in sand in carburizing 
boxes with the lids luted on. Thus reclamation by 
heat-treatment is not always a practicable pro- 
position, especially if the overheating has not been 
detected until after the forgings have been 
machined. Again, in adopting any of these 
special heat-treatments for overheated steel, the 
possibility of severe local overheating in parts of 
the forging which are not refined by the treatment 
should not be overlooked. Another factor which 
might govern such treatments is that repeated 
heat-treatment is not treated too kindly by the 
various aircraft-steel specifications. For instance, 
most of them make no mention at all of a nor- 
malizing treatment, except for case-hardening 
steels, but specifically state that the steel shall not 
be rehardened more than three times. 

There is no doubt that a carburizing treatment 
has a beneficial influence on a slightly overheated 
steel, but a double normalizing treatment with the 
first operation carried out at 50°C. higher than 
usual is also especially useful in ensuring complete 
grain refinement in slightly overheated steels, and 
all important components such as connecting rods 
and crankshafts would benefit from this treatment. 
Experimental work on the effect of special heat- 
treatments on overheated steel showed that re- 
peated normalizing was better than a single treat- 
ment at elevated temperatures. 

One rather lengthy reclamation treatment for 
overheated alloy steel, which has been used in the 
U.S.A., consists of soaking for 8 hr. at 2250° F, 
(1232° C.) and cooling, followed by soaking for 8 
hr. at 2000° F. (1093° C.) and cooling, followed by 
soaking for 8 hr. at 1750° F. (955° C.) and cooling, 
and finally by the usual hardening and tempering 
treatment. This treatment was tried out on some 
overheated 8.A.H. X4340 (12° nickel-chromium— 
molybdenum) steel with successful results as far as 
elimination of the overheated state was concerned. 
The appearance of specimens subjected to trans- 
verse fracture tests before and after the reclama- 
tion treatment is shown in Figs. 21 and 22 
respectively. They reveal an overheated granular 
fracture before treatment and a satisfactory fibrous 
fracture after treatment. Metallographic examina- 
tion of specimens of the steel before and after the 
special treatment showed a positive and a negative 
reaction respectively to the dark “ grain-boundary 
indications ”’ produced by the 10°% sulphuric-acid/ 
10% nitric-acid reagent, thus confirming the 
fracture-test results. Such a treatment is, of 
course, very costly, and would be practicable only 
if the forgings or parts were protected from the 
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atmosphere during heating. In the case of the 
steel mentioned above, the samples were not so 
protected and considerable scaling took place, 
reducing the 14-in. dia. bar to 13 in. after treat- 
ment. 


OVERHEATING IN THE U.S.A. 


Some time ago the author visited the United 
States, and a few remarks on overheating in drop- 
forgings as experienced in that country may be 
added in conclusion. An epidemic of overheating, 
or “ grain-coarsening’’ ag it is termed there, 
occurred as it did in Britain when the production 
of drop-forgings was accelerated and the demands 
in service of many vital aircraft components were 
increased. For the detection of overheating, 
fracture testing has been generally adopted, and 
attempts have been made to standardize fractures 
and correlate them with mechanical properties, 
including fatigue strength. Pickling and surface 
examination are not looked upon favourably, and 
are considered by some leading drop-forgers as too 
unreliable. Concerning the fracture test, one 
interesting feature of American steels is that when 
overheated, only part of the fracture usually 
shows mat crystalline facets in a very spasmodic 
degree. The reason for this is obscure, but it 
seems peculiar to American steels, and there is a 
possibility that steels well treated with aluminium 
to control inherent grain-size are more generally 
resistant to grain-coarsening. 

In the case of large drop-forgings for major com- 
ponents, such as propeller shafts, crankshafts, 
master rods, airscrew spiders, &c., the fracture 
test has been largely adopted as a substitute for 
tensile testing. Whilst it is not proposed to dis- 
cuss here the relative merits of the British and the 
American systems of inspecting and testing such 
components, it may be said that the procedure 
adopted in America resulted in an important 
saving in alloy steel, since the fracture test, when 
properly conducted, could be and was carried out 
on major parts on test-prolongations as small 
as, say, 3 in. long by 1 in. sq.; whereas tensile 
testing on each part demanded a much larger test- 
piece, which often had to be of consistent ruling 
section with the forging. The practice of carrying 
out nicked-fracture tests on integral test-bars for 
major aircraft components in steel is, of course, 
not new, and is an essential part of the British 
Standard aircraft specifications for such com- 
ponents. In some cases nicked-fracture tests 
must be conducted on both ends of the forging. 
However, such tests must be accompanied by 
tensile and impact tests, which necessitate that the 
diameter of the test-bar shall be equivalent to the 
ruling section of the forging. In the United 
States, larger production, larger casts of alloy 
steel, the use of continuous heat-treatment fur- 
naces, and automatically controlled quenching 
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procedures have made it possible to relax tensile 
testing to some extent and to control heat- 
treatment by hardness and fracture testing, re- 
ducing tensile testing to perhaps one in 500 
forgings or even one per cast. On deep-hardening 
steels this procedure combined with careful accep- 
tance-testing has saved a good deal of material, 
facilitated production, and at the same time 
ensured freedom from serious overheating of each 
forging. Unsatisfactory or doubtful fractures were 
disposed of by tensile testing where the test- 
coupon permitted or, alternatively, by tensile 
tests on a percentage of components in cases 
where the fracture test has been previously well 
correlated with the physical properties. On case- 
hardening steels or on steels which are not fully 
heat-treated until after machining, the fracture 
test has been employed, so that overheated 
forgings have been eliminated before expensive 
machining operations have been carried out. In 
such forgings as, for example, propeller shafts and 
crankshafts, where a small test-coupon was not 
practicable from a forge point of view, a saving in 
alloy steel used for testing has been achieved by 
two methods. In some cases a test-slice 4 in. 
thick has been cut from the end of the forging, 
heat-treated apart from the forging, and longi- 
tudinal fractures carried out, experience having 
shown that the acceptable standard is that which 
shows complete absence of facets in the longi- 
tudinal fracture. In other cases the same 4-in. 
test-slice has been nearly parted-off by sawing, 
leaving a segment large enough for satisfactory 
examination ; this was then locally flame-hardened, 
tempered, and fractured by using a wedge in the 
saw-cut, thus giving a transverse fracture which is 
more sensitive to overheating. This second prac- 
tice avoided serial numbering. 

Thus the fracture test for the detection of over- 
heating has also been used to check the quality of 
the heat-treatment, and there is no doubt what- 
ever that a considerable saving in material and 
man-hours has been effected. On the other hand, 
not much attention has been paid to parts which 
are not large enough to carry an integral test-bar, 
but which may be very important and which may 
also become overheated. However, a good deal 
of progress has been made in the direction of 
preventing overheating, especially by the use of 
continuous rotary furnaces, reliable automatic 
temperature control, and the use of rather low 
maximum forging temperatures, combined with 
larger and more powerful hammers which facilitate 
production of many forgings without reheating. 


CONCLUSION. 


There is known to be a wide divergence of opinion 
regarding the degree of overheating in alloy steels 
which is detrimental. to their serviceability and 
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in the present paper an attempt has been made to 
present various aspects of the subject. Although 
the urgent need for using alloy-steel drop-forgings 
in “ borderline ’’ overheated conditions has passed 
with the war, the history of what was a serious 
problem should not be allowed to pass unrecorded. 

Alloy-steel forgings have a prominent place in 
aeronautical power-units, where quality must be 
second to none, and for this reason the whole 
subject of overheating and burning merits further 
research. Some aspects of the subject which are 
still obscure may be mentioned in conclusion. The 
susceptibility to overheating of steels of various 
compositions and made by different processes 
needs investigation primarily from the point of 
view of the relationship between the temperature 
and time needed to produce serious damage, or 
rather, to avoid it. The effect of different furnace 
atmospheres and the possible effects on over- 
heating of the different types of scales which they 
produce should further illuminate the subject. 
Another important aspect is the effect of hot work 
on overheated steel, particularly of small amounts 
of work such as would effect less than approxi- 
mately 30% reduction of area. There is also a 
possibility that steels having different grain- 
growth characteristics at forging temperatures will 
vary in susceptibility to overheating. The be- 
haviour of steels heated to forging temperatures 
by electric-resistance and induction methods 
would form an interesting comparison with those 
heated in the orthodox furnaces of to-day. Per- 
haps important, too, from an economic point of 
view, is an investigation of the success to be 
obtained with methods of reclaiming steel over- 
heated to various degrees. For detecting over- 
heating, a non-destructive and more precise 
method of estimating the degree of damage 
suffered by the steel would be welcomed by drop- 
forgers, as would more authentic evidence on the 
loss of fatigue strength. At the moment, the 
destructive fracture test is pre-eminent, but even 
this needs to be standardized throughout the 
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industry. Metallographically, the detection of 
overheating in alloy steels should not be without 
hope and will possibly proceed by the use of elec- 
trolytic polishing and the discovery of new etching 
reagents which are more suited to the almost sub- 
microscopic nature of the defect than the present 
reagents used. Considering the high value, both 
monetary and otherwise, of many alloy-steel drop- 
forgings, it may well be concluded that research is 
needed to illuminate the still somewhat obscure 
phenomenon of overheating. 
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THE OVERHEATING AND BURNING OF STEEL.* 


By A. PREECE, M.Sc., A. HARTLEY, B.Sc., S. E. MAYER, Pu.D., anp J. NUTTING, B.Sc. 
(LrEeps UNIVERSITY). 


Paper No. 18/1946 of the Alloy Steels Research Committee. 


(Figs. 10 to 35 = Plates XIII. to XV.) 


SYNOPSIS. 


The overheating properties of a wide variety of steels have been examined. The temperatures of 
overheating have been determined on the basis of the fracture and etch tests, a critical examination of these 


tests showing them to be satisfactory for this purpose. 


There would appear to be no clear relationship between the overheating temperature and the normal 


specified analysis of the steel, or its oxygen and nitrogen contents. 
An unexpected correlation has been observed between 


higher overheating temperature than electric steels. 


Open-hearth steels have generally a 


the inclusion content of a steel and its overheating temperature. 

Furnace conditions, such as composition of the atmosphere, soaking time, and the rate of cooling, have 
been studied in relation to overheating. From this, the possibility of a slow-cooling treatment as an 
effective method of restoring overheated steels has been indicated. The effect of overheating. upon the 


tensile and Izod properties has also been examined. 


Results obtained in this investigation provide further information on the mechanism of overheating. 


PART I.—IntrRopvuction. 
By A. PREECH, M.Sc. 


Ir is well known that in the heating of steels 
for forging and hot working generally, excessive 
temperatures produce weak structures which may 
be temporary or permanent in character. In 
the first place, there is the normal develop- 
ment of a coarse grain-size. With steel this does 
not present much difficulty, since it is generally 
broken down by deformation during hot working, 
and, where this is inadequate, further refinement 
may be brought about by heat-treatment. 
higher temperatures, however, weak structures 
of a permanent nature are developed. A clearly 
defined example of this is found in steel in which 
incipient fusion of the grain boundaries has 
occurred. This condition is easily recognized in 
practice, as the fracture has a characteristic 
granular appearance and the microstructure 
shows voids and oxide films around individual 
grains. Such a steel is described as “ burnt.” 
It has very poor forging properties and a low 
tensile strength. 

A granular fracture alone, however, cannot 
be taken as evidence of burning, since similar 
fractures can be obtained after heating to tem- 
peratures well below those required for true 
burning. In this lower range, the fracture varies 
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from granular to a type containing a number of 
mat crystal facets on a fibrous background. 
Steels in which these structures have been 
developed as a result of heating to this lower 
range of temperature are described as “ over- 
heated’ to distinguish them from burnt steels 
in which incipient fusion or crystal separation 
has occurred. 

A general similarity between these structures 
has led to the impression being gained that the 
difference between overheated and burnt steel is 
one of degree only. This is clearly reflected in 
the theories put forward to explain these weak 
structures, especially where evidence of incipient 
fusion could not be found or where it was known 
that the temperatures used were too low for it 
to occur. The following may be quoted as 
typical : 

(a) Fusion of non-metallic constituents which 
were then assumed to force the crystals of 
austenite apart, enveloping them with a thin 
oxide film. 

(b) Crystal separation by the release of gases. 

(c) Preferential oxidation of chromium, alu- 
minium, &c., producing an oxide film between 
the crystals. 

While each of the foregoing phenomena could 
result in a form of intergranular weakness, 
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evidence obtained in the present investigation 
and described in the following section, has shown 
that they play no part in producing the granular 
or faceted structures found in overheated (as 
distinct from burnt) steels. 

The fact that, in both overheated and burnt 
steels, suitable etchants will develop a crystal 
structure which corresponds to the grains in the 
fracture, also encouraged the belief that over- 
heating was merely an initial stage of burning. 
Furthermore, since a granular or faceted fracture 
denotes some form of intergranular weakness, 
fracture and etch tests have become a routine 
method of examination for freedom from these 
ill effects of excessive temperatures. Where the 
tests are positive the steel is suspected and is 
usually discarded. It would seem from results 
obtained in the present investigation that this 
method of testing is too severe, since it can be 
shown that these structures may be developed 
to an appreciable extent before mechanical 
properties are materially affected. The diffi- 
culty lies in the absence of some means of indi- 
cating the stage in the development of these 
structures where the mechanical properties of the 
steel are seriously impaired. 

Industrially, the problem is further complicated 
by the wide variation in overheating tendencies 
of consecutive casts of steel, even when precau- 
tions are taken to keep steelmaking conditions 
as constant as possible. It is thus impossible 
to predict a safe working temperature for any 
steel from a knowledge of the cast history 
and the usual analysis, Furthermore, as over- 
heating does not seriously impair the hot-working 
properties of steel, no evidence of this defect is 
given during forging. It will be clear, therefore, 
that the true assessment of these granular or 
faceted structures has become a major problem 
in the forging and allied industries. 
_ In earlier investigations no serious attempt 

was made to distinguish clearly between over- 
heating and burning, and, as attention was 
mainly directed to the higher temperature 
ranges, the results refer to the burning pro- 
pensity of the steel. 

Among the more important researches may be 
mentioned the pioneer work of Stansfield} and 
of Stead,? who experimented in the region of 
the solidus. Later work by Jominy ® was also 
concerned with this higher temperature range. 
More recently a valuable contribution to our know- 
ledge of the subject has been made by Austin,‘ 
who showed that the low strength of certain 
steels was associated with the appearance of mat 
granular structures in the fracture. He also 
showed that the grains revealed in the fracture 
could be outlined by a suitable etching tech- 
nique. 

A very comprehensive survey of the literature, 
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which may be recommended to readers, has been 
published by The Iron and Steel Institute.°® 

The general impression obtained from pub- 
lished work is that a number of factors are 
involved in the formation of the weak granular 
structures, but little is known concerning their 
relative importance or the mechanism involved. 
Many of the conclusions put forward are the 
result of industrial experience, rather than of a 
systematic examination in which each controlling 
factor has been separately studied. 

The present investigation was undertaken to 
examine, in the first place, the relative import- 
ance of variables such as temperature, furnace 
atmosphere, heating and cooling rates, &c., on 
overheating properties. The results of such a 
survey would be of practical use, and at the 
same time would serve as an approach to the 
more fundamental problem of elucidating the 
mechanism of overheating. 

As a first step it was thought advisable to 
determine the overheating temperatures of a 
large number of steels made by different pro- 
cesses. The most satisfactory means of identify- 
ing the earliest stages of overheating were found 
to be the fracture and etch tests, provided that 
the steel was suitably heat-treated before testing. 
As indicated in the following section, this heat- 
treatment is most important. 

Since embrittlement is commonly held to be 
one of the most serious consequences of over- 
heating, Izod tests were carried out on the steels 
in addition to the fracture and etch tests. 

It was clear that the earlier part of this investi- 
gation would be simplified by avoiding tempera- 
tures near the solidus, where incipient fusion of 
the grain boundaries would mask the overheating 
effects. By choosing steels of moderately low 
carbon content, overheating could be produced at 
temperatures well below the solidus. As the work 
proceeds, the higher-carbon steels will also be 
included. 

The results of the survey have proved to be 
informative. They have shown the relative 
importance of furnace conditions and have 
brought out some interesting features connected 
with the composition of the steel. Neither the 
elements normally specified, such as carbon, 
sulphur, phosphorus, silicon, nickel, chromium, 
&c., nor the residuals, seem to be important. 
The gas content of the steels has received atten- 
tion, but the results are not conclusive. 

In addition, the correlation between the in- 
cipient overheating temperature and the general 
physico-chemical properties of steels is being 
studied. 

The correlation of the incipient overheating 
temperature with the inclusion count has given 
unexpected results. They both increase together, 
suggesting that the inclusions may have a direct 


THE OVERHEATING AND BURNING OF STEEL. 


effect on overheating, or that conditions which 
give rise to dirty steel also promote a high 
resistance to overheating. Though contrary to 
popular view, this conclusion would appear to 
be supported by the fact that of the steels 
examined in this investigation, electric steels 
have, in general, a lower overheating temperature 
than corresponding open-hearth steels. 

Information has also been obtained concerning 
the mechanism of overheating, though further 
work is necessary for a complete explanation. 
It has been found that the changes in the austenite 
grains which are responsible for the overheating, 
are diffusion processes, and that they operate 
while the steel is cooling through the overheating 
range to the incipient overheating temperature. 
Extreme rates of cooling over this limited range, 
such as quenching or furnace cooling, consider- 
ably minimize, or even completely suppress, the 
overheating effect. Application of the slow- 
cooling treatment to overheated steels has given 
promising results as a most effective method of 
resuscitation. 

The investigation is being continued. 


PART II.—TsEe OVERHEATING PROPERTIES OF 
STEELS. 


By A. PREECE, M.So., A. HARTLEY, B.Sc., 
S. EH. MAYER, Px.D., anv J. NUTTING, B.So. 


Experimental. 
(a) Furnace Equipment. 


The first requirement was a high-temperature 
furnace, in which steel specimens, 8 in. long, 
could be heated under accurately known con- 
ditions of time, temperature, and furnace atmo- 
sphere. 

A gas-fired muffle furnace, heated by four 
tangential nozzle-fired burners, was chosen. Each 
burner could be adjusted individually to obtain 
an adequate zone of constant temperature under 
different conditions of heating. 

The temperature was automatically controlled 
by means of magnetic valves in both gas and air 
mains; these valves were operated by thermo- 
couples placed in the muffle compartment which 
consisted of a sillimanite tube of 4 in. internal 
dia. and 4 ft. long. The arrangement is shown 
in Fig. 1. The steel specimens were supported 
on an alumina block with one thermocouple 
alongside and a second couple underneath the 
block. The temperature was controlled by the 
lower thermocouple while the muffle tube was 
being charged and until the temperature of the 
steel specimens approached that of the furnace. 
During the soaking period the temperature was 
controlled by the thermocouple alongside the 
steel bars. By careful adjustment of the by-pass 
and magnetic valves, the temperature inside the 
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muffle could be maintained well within ++ 10° C. 
A zone, 9 in. in length, over which the tem- 
perature varied by only 5° C. ensured even 
heating of the specimens. The controlled atmo- 
sphere in which the specimens were heated 
entered at one end of the tube and was brought 
up to temperature on passing through a heat 
interchanger; this consisted of a ring of narrow- 
bore tubes built around a hollow cylinder closed 
at both ends. The gases then passed over the 
specimens and through holes in two baffle blocks, 
finally escaping through a small chimney at the 
end of the muffle tube. 

It was evident that furnace atmospheres could 
not be produced by burning town’s gas and air at 
the inlet end of the muffle tube, since this would 
seriously upset the temperature distribution and 
damage the tube by excessive heating at this 
end. The controlled-atmosphere unit shown in 
Fig. 1 was therefore constructed. 

Town’s gas was burnt on a grid at the bottom 
of the combustion chamber; the amounts of both 
gas and air were carefully measured by meters. 
A Meker grid, 14 in. in dia., and a combustion 
chamber, 5 in. in dia., enabled a steady flame to 
be maintained on the grid with a low air/gas 
ratio, and gave as combustion products a mixture 
of gases containing a high carbon monoxide and 
hydrogen content, but no unburnt hydrocarbons. 
One such sample had the following analysis : 


N. 0,. 00. H 


2 2 H,0O. 
5B-7% 36% 108% 12:2% 


17-7% 


The composition of this mixture remained within 
narrow limits during a run. 

The gas was then passed through a direct 
cooling condenser filled with Lessing rings, 
which brought the moisture content down to 
about 2%. From the condenser the gas was led 
to the inlet end of a blower, where a predeter- 
mined quantity of secondary air was admitted. 
Combustion was completed at the entrance of 
the muffle tube, where the relatively small 
amount of heat developed could be easily accom- 
modated by adjusting the burners. 

After this further reaction at the entrance to 
the muffle tube, the products of combustion, con- 
taining approximately 12% of CO,, 10% of H,0, 
and 78% of N;, resembled fairly closely the 
products of complete combustion of producer gas. 

By suitably adjusting the amount of secondary 
air, an atmosphere could be obtained containing 
(a) carbon monoxide, representing incompletely 
burnt fuel, or (b) free oxygen, to represent con- 
ditions obtained by the use of excess air for 
combustion. Arrangements were also made to 
add known quantities of sulphur dioxide to the 
gas immediately before it entered the muffle 
tube, so that the effect of sulphur in the furnace 
atmosphere could be examined. 
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Fic. 1.—Muffle Tube and Controlled- 


Atmosphere Unit. = iL 


Two steel bars, each | in. in dia. and 8 in. long, 
could both be heated in the furnace at the same 
time. For temperatures above 1325° C., a layer 
of alumina grog was placed on the specimen 
block to absorb molten oxide. Specimens were 
heated to temperature in a little more than 
30 min. and were soaked for a further 30 min. 


| Hammer blow 


Chisel 
Specimen 


(a) f (b) 


Fig. 2.—Methods Used for Fracturing the Specimens. 


A small platinum-wound tube furnace and a 
Silit-rod furnace were also used for dealing with 
small specimens. 

In the subsequent heat-treatment, heating for 
oil-quenching was carried out in a large gas-fired 
muffle furnace, and an electrically heated lead 
bath was used for tempering. Accurate tem- 
perature control was most essential in the tem- 
pering operation, as slight differences in tempering 
temperature, especially in the region of 600° C., 
cause a wide variation in the impact value. 
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(b) Fracture Test. 


The fracture test, because of its obvious im- 
portance, was standardized. Preliminary trials 
showed that deformation during fracture tended 
to mask the structure, and consequently an impact 
method of breaking notched specimens was 

| employed. 
Where it was necessary to fracture 

4 a short length from the end of a bar, 

the end was turned down to # in. 
dia., notched, and inserted in a hole 
in a heavy steel pillar, as shown in 
Fig. 2(a). The specimen was then 
fractured at the notch by striking 
the protruding part with a heavy 
hammer. 

For specimens that were too short 
to be fractured in this manner, or in 
cases where it was desired to break 
the specimen at the centre, the 
steel bar was placed on the V-block shown in 
Fig. 2(6). A blunt chisel held in the notch, as 
shown, was then struck a heavy blow. No 
appreciable deformation occurred as long as pre- 
cautions were taken to ensure sharp notches. 
The first specimens were notched on opposite 
sides only, so that, apart from the notched por- 
tion, the fractured surface contained the whole 
of the cross-section. As no difference in the 
appearance of the fracture was found from centre 
to edge, subsequent specimens were notched all 


Fie. 10.—Fracture slightly 
overheated steel, showing facets. 
se 10: 


Fre. 1 teel etched 
with ammonium persulphate. 
<a. 


a et a sand 
Fic. 16.—Steel seriously em- 
brittled by overheating. Etched 
with ammonium nitrate. x 40. 


PLate XIII. 


i eee 


. * , 
Fic. 12.—Overheated steel etched 


Fic. 11.—Fracture of severely over- 
heated steel, showing coarse 
granular fracture. <x 10. 


with 10% H.SO, and 10% HNO, 
(nitro-sulphuric etchant) and re- 


polished. x 75. 


14,—Overheated steel etched BiG Ub: 


Fie. Overheated steel etched 
with molten zinc chloride. with ammonium nitrate. x 75. 
Os 


#2. 


Le a Ge, : te 


Fic. 17.—Fracture following grain Fic. 18.—As Fig. 17. x 75. 
boundaries. Etched with am- 
monium nitrate. x 20. 


(Micrographs reduced to four-fifths linear in reproduction.) 
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PLATE XIV. 


Lie ee Wee. 
Fic. 19.—Fracture of steel No. 79 in the Fic. 20.—Fracture of steel No. 79, heated icy 2 Fracture or steel No. 79, heated 
as-rolled condition. x 4. at 1250° C. for 30 min., air-cooled, and at 1275° C. for 30 min., air-cooled, and 
heat-treated. x 4. heat-treated. x 4. 


Fic. 24.—Fract steel No. 79, heated 


Tic. 22.—Tracture of steel No. 79, heated Tic. 23.—Fracture of steel No. 79, heated ure of 
at 1300° C. for 30 min., air-cooled, and at 1325° C. for 30 min., air-cooled, and at 1350° C. for 30 min., air-cooled, and 
heat-treated. x 4. heat-treated. x 4. heat-treated. x 4. 
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Fic. 25.—Fracture of stecl No. 79, heated Fic. 26.—Fracture of stcel No. 54, heated Tic. 27.—Fracture of stec] No. 54, heated 

at 1375° C. for 30 min., air-cooled, and at 1350° C. for 5 min., air-cooled, and at 1350° C. for 20 min., air-cooled, and 
heat-treated. x 4. heat-treated. x 4, heat-treated. x 4. 
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PLATE XV. 
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Fic. 28. Fracture of steel No, 54, heated Fic. 29.—Fracture of steel No. 54, heated Fic. 30.—Fracture of steel No. 54, heated 

at 1350° C. for 1$ hr., air-cooled, and at 1350° C. for 54 hr., air-cooled, and at 1375°C. for 30 min., water-quenched. 
heat-treated. x 4. heat-treated. x 4. ah 


Fic. 31.—Fracture of steel No. 54, heated Fic. 32.—Fracture of commercially Fic. 33 —Same steel as in Fig. 32, after 
at 1375° C. for 30 min., water-quenched, overheated steel, as received. slow cooling from 1375° to 1200°C. and 
and heat-treated. x 4. x 4. heat-treating. x 4. 


1 eS ae ae We rs a ° eA 7 ie 

Fic. 34.—Overheated steel, showing Fic. 35.—Overheated steel, showing 
flow lines and boundaries. Etched boundary, etched with molten zinc 
with ammonium nitrate. x 40. chloride. x 380. 


(Figs. 32, 34, and 35 reduced to four-fifths linear in reproduction.) 


[Preece and others. 


THE OVERHEATING AND BURNING OF STEEL. 


round, since this caused less tendency for de- 
formation during fracture. Typical fractures of 
overheated steels are shown in Figs. 10 and 
Es 


(c) Etch Test. 


Although a number of reagents have been 
suggested for developing the polygonal boun- 
daries associated with overheating, they have 
not been found entirely satisfactory. In the first 
place, they reveal a macrostructure rather than 
a true microstructure. Secondly, those recom- 
mended as suitable for detecting the early stages 
of overheating are so violent that they have a 
tendency to develop etch-pits which mask the 
boundaries. 

The nitro-sulphuric * etchant is the most efficient 
reagent for detecting the initial stages of over- 
heating; an example of the etch is shown in 
Fig. 12. A complete account of the method of 
applying this reagent, together with photo- 
micrographs, has already been given by Austin. 
This etchant operates by preferential solution of 
that region of the metal which corresponds to 
the grain boundaries seen in the fracture. In 
one respect this action is unfortunate, since it 
removes from the etched surface those parts 
which have been changed in some way by over- 
heating and which are therefore those regions 
calling for the most careful examination. 

Of the other reagents, ammonium persulphate 
and nitric acid leave the boundaries as light- 
coloured ridges (Fig. 13). They are not effective 
unless overheating is well advanced. 

In the present investigation a search was made 
for a more satisfactory etchant, 7.e., one that 
would show the true microstructure of the steel 
and at the same time reveal the change in the 
metal which gives rise to the weakened grain 
boundaries. It is these weakened grain boun- 
daries that characterize overheating. Well over 
a hundred reagents, including molten salts, have 
been examined so far, but with little success. 
An example of an overheated steel etched with 
molten zine chloride is given in Fig. 14. No 
reagent more efficient than the nitro-sulphuric etch 
has been found for indicating the incipient stages 
of overheating. 

An ammonium nitrate electrolytic etch has 
given some interesting results. It is almost as 
efficient as the nitro-sulphuric etch for revealing 
incipient overheating, provided that the steel is 
in the fully heat-treated condition, 1.e., oil- 
quenched and tempered to maximum toughness. 
From the limited number of tests which have 
been carried out, it would appear that there is 
a complete reversal in the action of this etchant 
when the overheating becomes very severe. 
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Until this severe stage is reached the micro- 
structure shows white polygonal boundaries on 
a dark background (Fig. 15), but in three speci- 
mens, where the Izod value had been reduced 
by overheating to 10-20% of its normal value, 
the microstructure was as shown in Fig. 16, 
viz., black boundaries on a white background. 

As the investigation proceeds to the higher 
temperatures, and more specimens of severely 
overheated steel become available, it is hoped to 
examine further this interesting feature. 

Details are given below of the three etchants 
ak were found to be most useful in the present 
work, 


(1) Nitro-Sulphuric Htchant.—An aqueous solu- 
tion of 10°% sulphuric acid and 10% nitric acid. 
The specimen should be immersed for 30 sec. 
and then swabbed with cotton-wool in running 
water. This operation is repeated three times, 
and the specimen is lightly repolished before 
examination. 

(2) Electrolytic Ammonium Nitrate Etchant.— 
The specimen is made the anode in a saturated 
aqueous solution of ammonium nitrate. The 
etching time varies up to 3 min., with a current 
density of about 0-1 amp./sq.cm. at 6 V., the 
distance between the anode and the cathode 
being 2cm. Platinum or stainless steel may be 
used as the cathode. The specimen does not 
require repolishing after etching. 

The same solution can be used a number of 
times, since the ferric hydroxide precipitated 
does not interfere with the etching reaction. 
The pH value of the solution increases during 
use from 4:3 to 7, as is shown in Fig. 3. After 
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Fic. 3.—Variation of pH Value of Ammonium Nitrate 
Solution with Repeated Etching. Each etch of 2 min. 
duration at 6 V. and 1000 m.amp.; volume of solu- 
tion: 55 c.c.; surface area of specimen: 8-5 sq. cm. 


a number of successive etchings the clarity of 
the structure deteriorates. > 

(3) Nitric—Picric Htchant.—The usual mixture 
contains equal quantities of 24% nitric acid 
and 5% picric acid in alcohol. 


The steels used in the present investigation 
are given in Table I. 


* This etchant was developed by Slagg and De Belin at the Research Laboratories of Messrs Cammell Laird & Co., 


Ltd., in 1927. 
1946—i 


R 
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Taste I.—Composition and Incipient Overheating Temperature of Steels Used in the Present 


Investigations. 
Analysis, %. Not ete 
Sample Sponit gies neh Overtteating 
© festion. |", Si. Mo. S. P. Ni. Or. Mo. oe Pb. oer * 0. alte pee oF 
fil 1A} 0-13 | trace | 1-02 | 0-226 | 0-056 O.H. 1400 
70 9A\ 0-11 | 0-121] 0-45 | 0-034 | 0-019 we ane O.H. 1400 Ecu 
aid 3 0-18 | 0-26 0-68 | 0-027 | 0-032 | 0-28 | 0-18 EK 1375 | 1400 
32 3 0-13 | 0:26 0-59 | 0-029 | 0-020 saw =f O.H. 1400 | burnt 1425 
approx. 
81 3 0-13 | 0:27 0-56 | 0-009 | 0-015 | 0:24 | 0-16 ate: EK AFE; <1350 
33 16 0-38 | 0:30 1-55 | 0-029 | 0-030 ae ae 0-27 O.H 1400 | burnt 1425 
approx. 
Hal | 16 0-30 | 0-30 1-44 | 0-010 | 0-031 se ae 0-36 EK 1300 | 1350 
23 18 0:38 | 0-25 | 0-73 | 0-019 | 0-016 nen 1-00 Rise EK 1300 | 1350 
13 ou: 0-32 | 0:27 0:71 | 0-044 | 0-029 | 3-16 ee ne O.H 1350 S3E 
41 22 0-39 | 0-24 0-64 | 0-010 | 0-012 | 3-68 | 0-30 E 1250 | 1300 
61 22 0-40 | 0-21 0-63 | 0-012 | 0-010} 3-63 | 0-28 EK 1300 | <1375 
63)+| 22 0-39 | 0-18 0-67 | 0-036 | 0-030 | 3-40 | 0-21 aa O.H 1300 | 1325 
78 | 22 0-36 | 0-13 0:60 | 0-014 | 0-011 | 3°54 | 0-19 Ae, E 1250 | 1275 
34 | 24 0-40 | 0-21 0:56 | 0-021 | 0-031 | 1-46 | 1-54 | 0-25 E 1275 | 1300 
42 24 0-38 | 0:30 0-60 | 0-014 | 0-014 | 1-50 1-20 | 0-16 EK 1250 | 1275 
65 | 24 0:37 | 0:23 0-59 | 0-023 | 0-031} 1-56 | 1-15 | 0:28 E 1325 | 1350 
16 | 24 0-48 | 0-23 0-81 | 0-012 | 0-032 | 1-92 | 0-85 | 0-33 E 1275 | 1300 
62 | 24 0:36 | 0-34 | 0:52 | 0-026 | 0-011 | 1-42 | 0:96 | 0-27 1a field) 1250 | 13825 
30 | 25 0-30 | 0:30 | 0-60 | 0-011 | 0-020 | 2-62 | 0-80 | 0-57 E 1250 | 1275 
54 | 25 0-30 | 0:23 0-59 | 0-014 | 0-015 | 2-63 | 0-68 | 0-57 E 1250 | 1275 
79 25 0-31 | 0-17 0-64 | 0-014 | 0-016 | 2-53 | 0:61 0-58 E 1225 | 1250 
31 25 0-30 | 0-13 0:58 | 0-030 | 0-033 | 2-82 | 0:62 | 0-54 O.H. 1400 | burnt 1425 
approx. 
58 | 25 0-32 | 0:20 | 0-64 | 0-037 | 0-033 | 2-63 | 0-59 | 0-60 O.H. 1350 1395 
52 | 26 0-43 | 0-28 | 0-62 | 0-010 | 0-012 | 2:78 | 0:65 | 0-60 EK 1250 | 1300 
53 26 0-43 | 0-21 0:72 | 0-029 | 0-028 | 2:43 | 0-66 | 0-60 OEE: 1250 | 1300 
57 31 0-98 | 0:26 0-44 | 0-015 | 0-030 | 0-29 1-44 | 0-04 EK 1275 | 1300 
35 | 31 1-08 | 0-29 0:47 | 0-033 | 0-036 | 0-19 | 1-46 a O.H. 1275 | 1300 
56 31 1-01 | 0-21 0-40 | 0-034 | 0-038 | 0-12 1-40 | 0-08 O.H. 1275 | 1300 
64 33 0-15 | 0:28 0-50 | 0-010 | 0-011 | 3-00 | 0-18 AC E 1300 | 1325 
60 | 33 0-16 | 0-21 0-47 | 0-035 | 0-018 | 3:24 | 0:25 % O.H. 1350 | 1375 
15 38 0:10 | 0-18 0-27 | 0-032 | 0-030 | 4-96 oe seis O.H. 1350 ae 
22 39 0-14 | 0-16 0:37 | 0-008 | 0-012 | 4-13 1-13 See E Sit 1250 
40 39 0-16 | 0:28 0-45 | 0-011 | 0-017 | 4:42 1-16 are} E 1250 | 1275 
50 39 0-17 | 0-17 0:46 | 0-013 | 0-011 | 4:11 1:35 | 0-24 BE 1275 | 1300 
68 | 39 0-17 | 0-24 0-33 | 0-015 | 0-013 | 4:22 | 1:25 | 0-22 EK 1250 |.1275 
69 | 39 0-17 | 0-24 | 0:33 | 0-015 | 0-013 | 4:22 | 1-25 | 0-22 E 1250 | 1275 
80 39 |.0-18 | 0-19 0-44 | 0-019 | 0-020 | 4-15 1:16 | 0:27 5 a E 1275 | 1300 
66 | 39 0:16 | 0-13 0-45 | 0-015) 0-011 | 4-31 1-29 | 0-28 4 Cool 1300 | 1325 
67 39 0-16 | 0-13 0:45 | 0-015 | 0-011 | 4-31 1-29 | 0-28 F \ snndd 1300 | 1325 
55 | 39 0-18 | 0:25 0-49 | 0-038 | 0-031 | 4:17 | 1-22 | 0:26 nise O.H. 1350 | 1375 
24 | 40 O21) 70-31 0-56 | 0-014 | 0-012 | 0-20 | 3-01 | 0-52 sate E 1275 | 1300 
25 | 40 0-19 | 0:27 0-53 | 0-014 | 0-013 | 0-31 | 2-96 | 0-41 ae E 1275 | 1300 
43 | 40 0-27 | 0:25 0-59 | 0-018 | 0-014 | 0-26 | 3-13 | 0-53 ae EK 1300 | 1325 
51 40 0-19 | 0:26 0-50 | 0-015 | 0:010 | 0-35 | 3-01 | 0-40 #3 EB 1275 | 1300 
59 | 40 0-25 | 0-19 0-47 | 0-020 | 0-013 | 0-25 | 3-07 | 0:53 cue EK 1325 | 1350 
46 | 45 | 0-57.}.1-90 | -0-91.1 0-050 | 0-030] ... | singh ntespllsicmecpldiceod| Ovdle ep) f1360 421376 
47 | 47 | 0-57 | 0-34 | 0-66 | 0-040 | 0-033| .... | 1:02 |... O-18 |. +... | OH. - | 1350. 1875 
20 {100 0-38 | 0-31 1-28 | 0-007 | 0-011] 1:02 | 0°52 | 0-17 a6 eae EK 1250 | 1300 
72 Hp 0-14 | trace |} 1-10 | 0-212 | 0-046] ... oes Ase see 0-19 | O.H. 1400 “an 
73 0-35 | 0-207| 1:53 | 0-043] 0-052] ... | ... | 0-22] ... | 0-17 10.8. | 1375 | bumt 1400 
74 0-25 | 0-112] 1-22 | 0-027/0-020] ... | .. | .. | ... | 016 10.8. | 1400 ze. 
12 0-39 | 0-25 0:70 | 0-033 | 0-030 | 1-19 eS O.H. 1350 
14 0:39 | 0-24 1-18 | 0-046 | 0-038 | 1-70 3a O.H. 1350 
18 0-31 | 0-17 0-67 | 0:034 | 0-022 wha 1:00 ae O.H. 1350 
28. 0:35 | 0-19 0-59 | 0-024 | 0-031 | 3-16 | 0-47 | 0-26 O.H. 1350 


The extent of the correlation has been deter- 

mined, and also the condition of heat-treatment 
Owing to the importance of the fracture and of the steel in which overheating is most clearly 

etch tests as means of indicating incipient over- revealed. 

heating, they have been examined in some detail. It has been shown by Austin 4 that both the 


Correlation between Etch and Fracture Tests. 


THE OVERHEATING AND BURNING OF STEEL. 


fracture and the etch tests reveal the same 
granular structure. Confirmation of this is shown 
by Figs. 17 and 18, in which the fracture can be 
seen to follow the boundaries outlined by the 
ammonium nitrate etchant. 

While it was fairly evident that the crystal 
boundaries revealed by these tests were those of 
the austenite crystals existing at the high tem- 
peratures, this fact had not been firmly estab- 
lished. To do this, two specimens of the same 
steel were heated side by side to a temperature 
a little above that required to induce overheating. 
One specimen was water-quenched and etched in 
the nitric—picric reagent, and the other was 
allowed to cool in air, after which it was fully 
heat-treated, and then etched in ammonium nitrate 
and in the nitro-sulphuric etchant. The simi- 
larity in the crystal structure shown by both speci- 
mens left little doubt that the 
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Table I.) gave the granular fracture only after 
tempering at 200° C. Other conditions of heat- 
treatment and higher tempering temperatures 
gave no indication of overheating. 

It is evident, therefore, that the fracture test 
should be carried out on the steel only after it 
has been suitably heat-treated. 

Regarding the etch test, it was found that the 
clearness of the structure obtained with the 
nitro-sulphuric etch was independent of the con- 
dition of heat-treatment, and was the same for 
all conditions from A to H. 

The behaviour of the ammonium nitrate etchant 
was different, and followed fairly closely that of 
the fracture test. For example, it gave no evi- 
dence of the overheated structure in the air- 
cooled condition (A), but became effective after 
oil-quenching (B), and improved as the temper- 


ammonium nitrate and the nitro- 
sulphuric etchants outline the 
crystals of the austenite existing 
at the high temperature. Further 
evidence—obtained incidentally 
in studying other aspects of the 
main problem, such as the effect 
of cooling rate or soaking time 
on overheating—has amply con- 
firmed that both the fracture and 
the etch tests reveal the austenite 
crystal boundaries. 

The optimum condition of 
heat-treatment was determined 
in the following manner. A 
number of steels were heated to 


ZL a 
2 hr soaking. 
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Temperature —»~ 


/ hr. soaking 


Overheating temperature 


/ hr. soaking . J hr soaking Arz point 


Scat hr. soaking 


various temperatures above and A 
below their respective overheat- 
ing temperatures, and etch and 
fracture tests were carried out at 
each stage of the subsequent heat-treatment, as 
indicated by A, B, C, &c., in the thermal history 
chart shown in Fig. 4. 

Referring to Fig. 4, it was found that the 
fracture test was of no use with specimens (1 in. 
in dia.) in the air-cooled condition (A), and was 
no better on those in the oil-quenched condition 
(B), unless the overheating temperature had been 
appreciably exceeded. The fully heat-treated 
condition (#) was the most satisfactory for the 
alloy steels. As the tempering temperature was 
increased to 600° C., the -facets increased in 
number and became more clearly defined. If 
the normal tempering temperatures were ex- 
ceeded (F'), the facets became less clear, and, in 
steels where overheating was slight, the fracture 
no longer showed evidence of facets. If, however, 
the steel was again oil-quenched and tempered 
(H), the faceted structure appeared once more. 

Similar experiments carried out on overheated 
specimens of a plain carbon steel (No. 81, see 
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Fie. 4.—Thermal History Chart showing successive stages of heat- 


treatment. : 


ing temperature was increased to 600° C. When 
tempering temperatures were exceeded (fF), the 
effectiveness of the etch decreased, and in some 
cases no evidence of the white boundary structure 
was visible. It could be revived, however, by 
giving the steel specimen a further oil-quenching 
and tempering treatment. Here again, the 
ammonium nitrate etch closely resembled the 
behaviour of the fracture test. 

With the carbon steel, the ammonium nitrate 
etch showed evidence of overheating after the oil- 
quench, and also after tempering at 200° C., but 
not with higher tempering temperatures. The 
nitro-sulphuric etch, on the other hand, was more 
general in its application, the black boundaries 
being shown inall the above conditions of heat- 
treatment. 

One steel (No. 54, see Table I.) gave unusual 
results, for the fracture showed less evidence of 
overheating as the tempering temperature was 
increased to 600° C. Two further casts of this 
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; TaBLeE I1.—Results of Fracture and KHtch Tests.* 
Treetiaee aya ce Pioemat) Se etere Narete Mich: 2 eas 
| Steel No. 61 (34% Ni). Heated to | As heated. Rough. , No overheated structure. 
1375° C., i.e., 75° C. above in- | As quenched. One or two facets. Narrow white boundaries. 
cipient overheating temp. T..at 200° C. A few facets. Some white boundaries. 
T. at 400° C. More facets than above. Clear white boundaries. 
| T. at 600° C. Many facets. Clear white boundaries. 
| T. at 800° C. Fibrous, no facets. No boundaries. 
| Steel No. 42 (14% Ni-Cr—Mo). | As heated. Transcrystalline. No overheated structure. 
| Heated to 1300° C., 7.e., just to | As quenched. An occasional facet. No overheated structure. 
| the incipient overheating temp. Te cate2002C: One or two facets. White boundaries. 
T. at 400° C. A few facets. White boundaries. 
T. at 600° C. A few facets. White boundaries. 
Sate SOO sr Fibrous, no facets. No overheated structure. 

Steel No. 52 (24% Ni-Cr—Mo, high- | As heated. Transcrystalline. No overheated structure. 
carbon). Heated to 1375° C., | As quenched. One or two facets. White boundaries. 

7.e., 75° C. above incipient over- | T. at 200° C. A few facets. White boundaries. 
heating temp. T. at 400° C. More facets than above. White boundaries. 
T. at 600° C. Many facets. White boundaries. 

rT. at 800° C. A few facets. White boundaries. 

Steel No. 51 (3% Cr—Mo). Heated | As heated. Transcrystalline. No overheated structure. 
to 1300° C., 2.e., just to the in- | As quenched. One or two facets. White boundaries. 
cipient overheating temp. T. at 200° C. A few facets. White boundaries. 

T. at 400° C. More facets than above. White boundaries. 
T. at 600° C. More facets than above. White boundaries. 
T. at 800° C. Fibrous, no facets. | White boundaries. 

Steel No. 51 (3% Cr—Mo). Heated | As heated. Transcrystalline. No overheated structure. 
to 1375° C., #.e., 75° C. above in- | As quenched. One or two facets. White boundaries. 
cipient overheating temp. T. at 200° C. A few facets. White boundaries. 

T. at 400° C. Several facets. White boundaries. 
T. at 600° C. Many facets. White boundaries. 
T. at 800° C. Several facets. White boundaries. P 

Steel No. 81 (‘‘ 20” carbon). As heated. Transcrystalline. No overheated structure. 
Heated to 1350° C. As quenched. Fibrous. White boundaries. 

T. at 200° C. Granular in parts. White boundaries. 
T. at 400°.C. Fibrous. No overheated structure. 
T. at 600° C. Fibrous. | No overheated structure. 

Steel No. 54 (24% Ni-Cr—Mo, As heated. Granular. No overheated structure. 
medium-carbon). Heated at As quenched. Granular. No overheated structure. 
1375° C., 7.e., 75° C. above in- | T. at 200° C. Granular. No overheated structure. 
cipient overheating temp. T. at 400° C. Almost granular. No overheated structure. 

T. at 600° C. Many facets. No overheated structure. 
T. at 800° C. Several facets. No overheated structure. 


* Black boundaries were obtained in all cases with the nitro-sulphuric etch. 


steel (Nos. 58 and 79, see Table I.) gave similar 
results. No explanation is offered for the 
behaviour of these three steels. 

Results obtained with the fracture and etch 
tests on steels in various stages of heat-treatment 
are given in Table II. 

As it was necessary to determine the tem- 
perature of incipient overheating for a large 
number of steels, ample opportunity was pro- 
vided for comparing the overheating tempera- 
tures given by the fracture and the etch tests. 
Good agreement in the heat-treated condition 
was found between the nitro-sulphuric etch and the 
fracture test. The ammonium nitrate etch was 
not, in all cases, quite as efficient, and with this 


etchant it was necessary to heat some steels to 
slightly higher temperatures before there was any 
evidence of overheating ; however, the divergence 
was never more than 25° C. This reagent was 
also found to be unsatisfactory with the four 
En 25 steels given in Table I.; clear white 
boundaries were not shown, even when these 
steels were appreciably overheated. 


Measurement of Overheating Temperature. 


On the basis of the fracture and etch tests, the 
overheating temperatures of a number of steels 
have been determined. The method was as 
follows. Specimens of each steel were heated 
to successively higher temperatures differing by 
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intervals of 25° C. The specimens were then 
examined as described below, and the lowest 
temperature which gave signs of overheating, in 
either the fracture or the etch test, was taken as the 
overheating temperature. So far, the tempera- 
ture range has not been taken beyond 1375° C., 
except for a few steels. It is intended to extend 
this range as opportunity allows. 

Specimens 8 in. long and 1 in. in dia. were 
heated to the required temperature in approxi- 
mately 30 min.; this temperature was held for 
a further 30 min., after which the specimens 
were air-cooled. <A l-in. length was then broken 
from one end, after suitably nicking the speci- 
men, and reserved for examination of the frac- 
ture and microstructure. The remainder of the 
specimen was fully heat-treated and a second 
l-in. length was removed by nicking and fractur- 
ing. This second specimen provided the fracture 
test-piece; a round Izod test-piece was turned 
from the remaining length of bar and the impact 
value measured. 

By this procedure it was possible to follow the 
progress of overheating, as shown by the fracture 
and etch tests, and in addition the effect of pro- 
gressive overheating on the Izod impact value. 

The majority of the specimens were heated 
with an atmosphere of the following composition 
flowing through the muffle tube : 


CO,. 
10% 


H,0. Os. 
8% 


This mixture is typical of most furnace atmo- 
spheres in practice, and represents conditions 
where the fuel is burned with more air than is 
required for complete combustion. When it was 
discovered that the composition of the atmo- 
sphere had no appreciable influence on the over- 
heating properties of the steel, an atmosphere 
consisting of nitrogen with 1-3% of oxygen and 
2% of water vapour was used, as this gave less 
oxidation, and consequently minimized the prob- 
lem of dealing with the molten oxide at the 
higher temperatures. The velocity of gas flow 
through the muffle tube was 10 ft. /sec. 

Figs. 19 to 25 show the fractured surfaces of a 
series of specimens originally heated to the tem- 
peratures indicated, and subsequently: heat- 
treated, as previously described, before breaking. 
First signs of overheating are indicated by the 
appearance of facets as shown in Fig. 20. It 
will be noted how these facets increase in number 
and size as the incipient overheating temperature 
is exceeded, until a full granular structure is 
_ obtained. These changes represent the behaviour 
of most of the steels, though with a few there 
was a sudden change at the overheating tem- 
perature from the fibrous structure (Fig. 19) to 
the completely granular fracture. The earliest 
appearance of the facets was accompanied by 


N,. 
T3oG 
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the appearance of polygonal boundaries, or traces 
of boundaries, in the nitro-sulphuric etch. In one 
or two steels evidence of overheating was dis- 
cernible in the etch test a little earlier than in 
the fracture test; the difference in temperature, 
however, was well within 25° C. 

Occasionally some difficulty was experienced 
in these incipient stages of overheating in inter- 
preting the nitro-sulphuric etch. Because of the 
tendency for etch-pits to be developed and non- 
metallic inclusions to be dissolved, the first indi- 
cation of a boundary was often a series of black 
dots instead of a continuous line. On these few 
occasions the result of etching a second speci- 
men, which had been heated to 25° C. higher, was 
a useful guide in interpreting the etched structure 
of the first. 

The overheating temperatures of a number of 
steels are given in Table I., together with their 
compositions and methods of manufacture. 

From these figures there would appear to be 
no clear relationship between composition and 
overheating temperature. Steels with almost the 
same content of the elements normally specified, 
often showed a wide variation in overheating 
tendencies. This is in line with industrial ex- 
perience, where consecutive casts of steel made 
from the same stocks of raw materials have 
sometimes shown considerable differences in over- 
heating properties. 

The open-hearth steels, with one or two excep- 
tions, have a higher overheating temperature 
than the electric steels, and this also would seem 
to be confirmed by practice, as overheating 
troubles are less frequent with open-hearth steels. 

As far as composition is concerned (Table I.), 
the main difference between the open-hearth and 
the electric steels is in the sulphur and phosphorus 
contents. It is also to be expecte@ that the 
electric steels would contain less residuals, and 
possibly a lower oxygen content, than the open- 
hearth steels. 

In Figs. 5(a) and 5(b), respectively, the phos- 
phorus and sulphur contents of the steels have 
been plotted against the overheating tempera- 
ture. The degree of scatter in Fig. 5(a) is too 
great to admit of any relationship being estab- 
lished. In Fig. 5(6) the scatter is also very 
great, but the points appear to fall generally into 
two groups, according to the method of manu- 
facture. The line AB (Fig. 5(b)) almost com- 
pletely separates the open-hearth from the elec- 
tric steels. Whether this distribution of points 
is due to some fundamental difference inherent 
in the two methods of steelmaking, or to a 
relationship between the sulphur content and 
overheating tendencies, is at present proble- 
matical. 

Attention was drawn to the oxygen content 
when it was found that two steels (Nos. 30 and 
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31), made to the same specification, differed 


widely in overheating properties and also in 
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Overheating temperature, C. 
Fic. 5.—Overheating ‘l'emperature Plotted against (a) 
Phosphorus, (b) Sulphur, (c) Oxygen, and (d) Nitrogen 
Contents. 
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oxygen content. Examination of five further 
steels gave interesting results : 


Method of Incipient Over- 


Manu- heating Temp., Oxygen, Nitrogen, 
Steel No. facture. SOP Ye OE 
30 ia 1275 0-002 0-006 
40 E 1275 0-003 0-011 
52 E 1300 0-003 0-008 
50 E 1300 0-004 0-007 
53 O.H. 1300 0:005 0-003 
55 O.H. 1375 0-009 0-006 
31 O.H. 1425 0-013 0-004 
(approx.) 


* EK = Electric furnace. 


These figures suggested a possible connection 
between the oxygen content and overheating 
tendencies, a high overheating temperature being 
associated with a high oxygen figure. It was 
thought advisable to examine this relationship 
further, and twenty-three steels were chosen 
from Table I. and analysed for oxygen and 
nitrogen. The gas analyses are given in Table III., 
and the oxygen content plotted against the over- 
heating temperature is shown in Fig. 5(c). The 
results are disappointing in view of the promise 
given by the initial tests. A close correlation 
was not expected, however, as a wide range of 
steels was included in Fig. 5(c). There is also 
the possibility that the oxygen content and the 
overheating temperature are both governed by 
some other factor, in which case the relationship 
would be accidental and therefore could not be 
exact. 

A statistical examination of the distribution of 
the points shown in Figs. 5(6) and 5(c) gave the 
following correlation coefficients : 


Between overheating temperature and sulphur con- 
tent = +0-70. 

Between overheating temperature and oxygen con- 
tent = +0-57. 

Between overheating temperature and sulphur-plus- 
oxygen content = -+0-76. 


This indicates a significant relationship. No 
relationship is apparent between the nitrogen 
content and overheating temperature (Fig. 5(d)). 

Earlier theories have attributed overheating 
phenomena to the envelopment of the austenite 
crystal by a film of non-metallic material; steels 
with a. large amount of non-metallic inclusions 
would therefore be expected to have pronounced 
overheating tendencies. The present investiga- 
tion has not only shown this to be false, but has 
clearly demonstrated that steels with a high 
inclusion content are those possessing a high 
overheating temperature. 

The difficulty in obtaining an exact quantita- 
tive measurement of the non-metallic inclusions 
in steel has been stressed in earlier papers and is 
fully appreciated here. The Fox inclusion count 
was adopted as a means of obtaining comparative 
results, and, while the authors do not claim to 
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TaBiE IlI-—Overheating Temperature and Gas Analysis of a Selection of Steels Shown in Table I. 


— ' 
Sample No. En Specification, eared of) nnn Fee Oxygen, %. Nitrogen, %. 
77 3 E 1400 0-003 0-009 
78 22 EK 1275 0-003 0-010 
41 22 E 1300 0-005 0-010 
63 22 O.H. 1325 0:004 0-004 
42 24 EK 1275 0-006 0-007 
34 24 EK 1300 0-008 0-008 
76 24 BK 1300 0-003 0-010 
65 24 E 1350 0-004 0-008 
719 25 EK 1250 0-003 0-010 
54 25 E 1275 0-003 0-007 ~ 
30 25 EK 1275 0-002 0-006 
58 25 O.H. 1375 0-009 0:005 
31 25 O.H. burnt 1425 0-013 0-004 
52 26 E 1300 0-003 0-008 
53 26 O3E: 1300 0-005 0-003 
35 31 O.H. 1300 0-003 0-006 
64 33 K 1325 0-003 0-009 
60 33 OlBe 1375 0-008 0-004 
40 39 HK 1275 0-003 0-011 
68 39 E 1275 0-002 0-008 
50 39 E 1300 0-004 0-007 
80 39 E 1300 0-004 0-007 
66 39 E (cool refined)| 1325 0-004 0-008 
55 39 O.H. 1375 0-009 0-006 
24 40 E 1300 0-004 0-010 
51 40 EK 1300 _ 0-003 0-012 
59 40 EK 1350 0-006 0-008 
46 45 O.H. 1375 0-002 0-005 

wena: 57 47 O.H. 1375 0-003 0-006 


have had much experience with this method of 
examination, the curve obtained by plotting the 
Fox inclusion count against the incipient over- 
heating temperature has been checked by two 
observers and the agreement is satisfactory. 
The relationship is shown in Fig. 6(a), while the 
modified count, as suggested by Hatfield and 
Giles,® is plotted against the incipient over- 
heating temperature in Fig. 6(b). In addition, 
four steels with exceptionally high inclusion 
counts showed no evidence of overheating even 
at 1400° C.: 


Steel No Inclusion Count. 
70 174 
Td: 240 
72 240 
74 


155 


At the present stage in this investigation, it is 
difficult to offer any interpretation of the results 
shown in Figs. 6(a) and 6(b). No evidence has 
been obtained to suggest how the non-metallic 
inclusions could have a direct or indirect effect 
in suppressing overheating tendencies in steel, or 
why freedom from inclusions should give a low 
overheating temperature, yet this would appear 
to be so. However, a conclusion which may 
safely be drawn at this juncture is that a method 
of steel manufacture which gives a high inclusion 
count will also give a steel with a high over- 
heating temperature, and conversely. 


These results do, nevertheless, discredit theories 
connecting overheating tendencies with the pres- 
ence of inclusions and, in this connection, it 
may be mentioned that a high-sulphur free- 
cutting steel (No. 71, Table I.) showed no tendency 
for the inclusions to form boundary films on 
heating to 1400° C., and in a leaded steel (No. 74, 
Table I.) heated to 1375° C., no evidence of film 
formation around the austenite crystals could be 
discovered. 


Effect of Overheating on Izod Impact Strength and 
Tensile Properties of Alloy Steels. 


It is well known that burnt steels are exceed- 
ingly brittle, and since both overheating and 
burning give a form of intergranular weakness, it 
was thought that the progress of overheating 
could be followed by measuring the Izod impact 
values of a series of specimens heated to succes- 
sively higher temperatures well into the over- 
heating range. The specimens used for deter- 
mining the incipient overheating temperature 
were suitable for this purpose. 

It was appreciated that, from the practical 
point of view, the most important mechanical 
property to be considered was the fatigue strength. 
Facilities at the authors’ laboratory were not 
suitable for carrying out large numbers of fatigue 
tests, but it is understood that this property is 
being studied at another laboratory. 
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At the present stage of this work the tem- 
perature range has not been taken beyond 1375° C., 
except in a few cases. It is proposed to use 
higher temperatures as the investigation proceeds. 

Specimens for the Izod tests were fully heat- 
treated, i.e., oil-quenched, and tempered at 
600° C, 


/80 


/60 


/40 


Fox inclusion count. 


Modified Fox inclusion count. 


O 
1250 


/300 
Overheating temperature, pre? 


/350 ¢ /400 


Fic. 6.—Incipient Overheating Temperature plotted 
against (a) the Fox Inclusion Count and (b) the 
Modified Fox Inclusion Count. (Numbers refer to 
samples.) 


It was necessary to control the tempering tem- 
perature within very narrow limits to ensure the 
same hardness figure in each series of test-pieces. 
A large lead bath, thermostatically controlled, 
was found convenient for this work. All speci- 
mens were held at the tempering temperature 
for 1 hr. 

Some typical results are shown in Fig. 7. The 
curves are shown as full lines above the over- 
heating temperature and as dotted lines below 
it. Wherever possible, electric and open-hearth 
steels of the same En specification are included 
in the same graph, as significant differences have 


4 


lzod impact value, ft. /b. 


As 
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been observed between similar types of steel. 
The overheating temperature as determined by 
the fracture and the etch tests is indicated by 
arrows. 

It will be seen that with the electric steels the 
Izod value begins to fall immediately overheating 
occurs, but this is not always the case with the 
open-hearth steels. The fall in Izod value with 
overheating temperatures up to 1375° C. is 


| No. 58 (Open-hearth) VH.N. 362. J 
he:31 (Open shee LV LIN 970 


(a) 24% wi- 


60 


58 


g 


3 


SOL No 59 (Electric) V.H.No 328 - 


(e) 3% Cr-Mo (Nitriding) steel! (En 40) 


1225 1250 1275 1300 


Mnitiel temperature, °C. 


Fic. 7.—Effect of Overheating on Izod Impact Values. 
Arrows indicate overheating temperatures, 


4325 


received 1350 1375 


gradual in all the steels so far examined, but it 
should not be concluded that overheating can 
not induce a high degree of embrittlement, since 
specimens have been obtained in this investiga- 
tion in which the Izod value had been reduced, 
by overheating, from 100 to 10 ft.lb. 

The break in the curve for steel No. 40 in 
Fig. 7(d) was caused by a failure of the 
thermostat in the tempering bath. This curve 
is included merely to illustrate the need for 
accurate temperature control in the tempering 
operation. . 

One interesting feature brought out in these 
tests was the lower Izod value of the open-hearth 
steel as compared with the corresponding electric 
steel. This would seem to be due to the fact 
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Taste IV.—EHffect of Overheating on Tensile Properties. 


Sample. Ultimat 
_ Original Yield Point, Peper ss Elongation (on Reduction of 

a) Bpelinectics, Temp., ° 0: tons/sq.in. De in.), %- Area, %. 
42 En 24 (14% Ni-Cr—Mo). 1375 57-1 64-1 20 46 
1350 58-0 65:1 19-5 48 
1325 58-7 65:8 20 50 
1300 57-4 64:7 21-5 54 
1275 57-7 65:0 21:5 OW 
1250 58:4 64:8 22, 56 
As received 58-6 65-6 21-5 oT 
43 En 40 (3% Cr—Mo nitriding). 1375 49-3 57-8 23°5 60 
1350 48-3 57:0 24 64 
1325 46-7 55-4 25 66 
1300 46-4 56-5 25 65 
1275 48-4 58:5 24 66 
1250 50-0 59-7 24 66 
As received 52-1 60-3 25-5 68 
79 En 25 (24% Ni-Cr—Mo, 1375 65-2 69-5 13-5 39 
medium carbon). 1350 65:5 70:3 16-5 44 
1325 64-8 69:8 18 51 
1300 64-5 69-9 19-5 53 
1275 65-1 69-7 18-5 54 
1250 63:5 69:8 19-5 54 
1225 65-3 70-2 19 55 
As received 63:5 68-6 18 60 
80 En 39 (44% Ni-Cr case- 1375 46-7 53-8 22-5 57 
hardening). 1350 47-4 54-1 23-5 61 
1325 52-7 59-3 23-5 60 
1300 47-4 54-0 25 67 
1275 46-0 54-1 25:5 68 
| As received 47-8 54-2 24 68 


that the same oil-quenching and tempering treat- 
ment gives a lower hardness in the electric steel 
than in the open-hearth steel. One pair of steels 
(Nos. 52 (E) and 53 (O.H.)) were exceptional in 


70{ VH. 


Reduction of area, %. 


1250 1275 1300 /325 
Initial temperature, (a 


Fic. 8.—Effect of Overheating on Ductility (Reduction 
of Area). Arrows indicate overheating temperatures. 


As 
received 


he25 1350 1/375 


this respect, and gave the same hardness figure 
and similar Izod values after heat-treatment 
(Fig. 7(b)). Steel No. 53 has an unusually low 
oxygen content for an open-hearth steel. This 
problem is being studied further, as it suggests a 


possible connection between the oxygen content 
of a steel and its resistance to tempering. 

The effect of overheating on the tensile pro- 
perties of four steels has also been examined and 
the results are shown in Table IV. As with the 
Izod tests, the specimens were heat-treated after 
air-cooling from the high temperatures. 

Austin? has stated that the ductility, as 
measured by the elongation and reduction of 
area, is reduced by overheating The present 
results are in agreement with this statement so 
far as the reduction of area is concerned, and 
this fall with increasing degree of overheating is 
illustrated in Fig. 8. The tensile strength and 
elongation were not appreciably affected after 
overheating at temperatures up to 1375° C. 


Furnace Conditions. 


(a) Composition of Furnace Atmosphere. 


It has been found that for the range of tem- 
peratures so far investigated, 7.e., up to 1375° C., 
the overheating properties of steels are in no way 
influenced by the atmosphere in which they are 
heated. 

The atmospheres investigated included four 
which were made up to represent possible con- 
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ditions occurring in practice, details of which are 
given below : 


(a) To represent almost complete combustion of the 
fuel. 

(6) As (a), but with a fuel having a high sulphur 
content. 

(c) To represent conditions obtained with excess air 
for combustion. 

(d) As (c), but with a fuel having a high sulphur 
content. 


Na, %- #H,0, %: CO,, Ye oo, %- SO., oe Os, %- 
(a) 79 10 10 1:0 = iS 
(b) 79 10 10) 1-0 + 0.20 =e 
(c) 78 8 10 by a 4-0 
(dai 278 8 10 0-20 4-0 


The above atmospheres simulate fairly closely 
the products of combustion of producer gas, and 
the sulphur dioxide content would be obtained 
by using a coal containing 3% of sulphur. 

As far as general oxidation is concerned, the type 
of oxide formed is very different in changing over 
from an atmosphere containing carbon monoxide 
to one with free oxygen. The presence of sulphur 
dioxide introduces a further important change in 
atmospheres containing no free oxygen, but it 
has no important effect when oxygen is present. 

In addition, an atmosphere of nitrogen con- 
taining 2-3% of oxygen and 2% of water vapour 
was used. A small number of comparisons were 
also made between these atmospheres.and purified 
nitrogen and hydrogen. 

In the first place, specimens were heated to 
temperatures slightly below, and slightly above, 
the overheating temperature in the different 
atmospheres. Each steel gave the same over- 
heating temperature irrespective of the atmo- 
sphere, and where this had not been attained in 
any one atmosphere, the same was true for the 
others. At higher temperatures, where over- 
heating was well established, again no appre- 
ciable difference could be detected in changing 
from one atmosphere to another, although it is 
not as easy to assess differences in these condi- 
tions as in the early stages of overheating. In 
the few instances where Izod determinations were 
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carried out, they confirmed these findings (see 
Table V.). 

The steels selected for comparison in different 
atmospheres at 1375° C., were : 


Overheating 

Temp., ° O. 
No. 42 (14% Ni-Cr—Mo) 1275 
No. 43 (3% Cr—Mo) . 1325 
No. 52 (24% Ni-Cr—Mo) 1300 
No. 55 (44°% Ni-Cr) 1375 


The atmospheres used were (a), (6), (c), and 
nitrogen containing 2-3% of oxygen and 2% of 
water vapour. 

The results obtained with these steels again 
showed no significant differences in changing 
from one atmosphere to another. In all cases a 
change in temperature of 25° C. produced a far 
greater effect than did a change of atmosphere. 
Jominy ? has stated that in changing from a 
reducing atmosphere (containing carbon mon- 
oxide) to an oxidizing atmosphere, the burning 
temperature of steel was decreased by approxi- 
mately 50° C. The present investigation has 
shown that overheating is not affected in this way. 


(b) Soaking Time. 

The effect of different soaking times on the 
development of the overheated structure has 
been examined. 

In one series of experiments, bars of 1 in. dia. 
were placed in the furnace and heated to 1350° C. 
in 30 min., and one specimen was removed after 
each of the following soaking times: 5 min., 
20 min., 14 hr., and 54 hr. After withdrawal 
from the furnace the specimens were air-cooled 
and fully heat-treated before examination. The 
fractures obtained in one typical series are shown 
in Figs. 26 to 29. All show evidence of over- 
heating, even the specimen soaked for only 5 min. 
The grain growth occurring at the soaking tem- 
perature is shown by the increase in size of the 
crystalline facets. It will be noted that as the 
structure becomes coarser the fracture includes 
a larger proportion of the weak boundary. 

Evidence of overheating was also found in 


Taste V.—Izod Impact Values of Steels Heated in Different Furnace Atmospheres. 


Sample No. Specification. oe 
En 25 (23% Ni-Cr—Mo). 1275 
: : 1435 
oe 29 1375 
En 39 (44% Ni-Cr). 1275 
En 22 (38% Ni). | 1300 


Izod Impact Value, ft.lb. 
Temp, 
saree Atmosphi Atmosph: 
CG ass Atmosphere ospncre | Atmosphere <A lea 
. (a) (Reducing). | © Seer (©) (Oxidizing). Sil poe) 
1250 67 * 67 * Fics 
1300 624 83 63 
1350 aes 44 ne 
1350 2318 45 * ais 
1325 54 * 56 * Dons 
1325 82 86 83 
1325 77 76 73 


* Specimen not overheated. 
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small specimens placed in a furnace at 1350° C. 
for only 5 min. The rapidity with which over- 
heating can occur has also been demonstrated in 
specimens heated by induction methods. It has 
been claimed that overheating has been found in 
steels heated for less than 1 min. This fact 
would appear to be of importance in industry, 
where flash heating may occur. 


Overheating and Grain-Size. 


It has been suggested on various occasions 
that overheating is in some way connected with, 
or accentuated by, the formation of large aus- 
tenite grains at the high temperatures concerned. 
No precise information has been brought forward 
to substantiate this theory, and it soon became 
evident in the present investigation that there 
was no relationship between the austenitic grain- 
size and the overheating temperature. 

An examination of the grain-size determina- 
tions shown in Table VI. and of the corresponding 
overheating temperatures amply demonstrates 
this finding. Determinations were made on 
specimens heated for 30 min. at the overheating 
temperature (see Table VI.). 


TABLE VI.—Overheating Temperature Compared 
with Austenitic Grain-Size. 


Sample | En Specifica- Method of Overheating A.S.T.M. 
No. tion. Manufacture. Temp., ° C. Grain-Size. 
39 EK 1275 —3 
25 E 1275 —2 
24 KH 1275 —2 
22 EK 1300 —3 
40 EK 1300 —1 
39 EK 1300 —1 
26 EK 1300 0 
26 O.H. 1300 1] 
24 E 1300 “9 
p SP 39 O.H. 1375 2a 
; | 


McQuaid-Ehn tests were also carried out on a 
suitable selection of steels, and here again the 
results, shown in Table VII., revealed no rela- 


TasLe VII.—Overheating Temperature Compared 
with McQuaid-Ehn Grain-Size. 


Sample En Specifica- Method of Overheating | McQuaid-Ehn 
No. tion. Manufacture. Rempa > Os Grain-Size. 
54 25 EK 1275 "| 
30 25 1; 1275 5 
76 24 E 1300 ul 
§2 26 EK 1300 M5 
53 26 OoH:. 1300 +h 
4] 22 K 1300 4 
63 22 O.H,. 1325 3 
65 24 EK 1350 8 
58 | 25 O.H. 1375 6 
31 25 O.H. ae 3 


* Not orerheatad at. 1400° C. 
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tionship between the McQuaid-Ehn grain-size and 
the overheating temperature. It will be seen 
that steels with the same overheating temperature 
give very different grain-size figures, the converse 
also being true. 


Importance of the Rate of Cooling After 
Overheating. ; 


Experiments in which steel specimens were 
allowed to cool at different rates from well above 
their overheating temperatures have given most 
interesting results. 

It was found, in the first place, that specimens 
which were cooled in the furnace from well 
above the overheating temperature, gave little or 
no evidence of overheating, while, if the specimens 
were allowed to cool in air, very definite over- 
heating was observed. The rate of cooling in the 
laboratory furnace was approximately 3°C./min. 
in the high-temperature range. 

Quenching from these high temperatures also 
tended to suppress overheating. 

When nickel, nickel-chromium, and_ nickel-— 
chromium—molybdenum steels were furnace- 
cooled from temperatures as high as 1375° C. 
(even with a steel possessing an overheating 
temperature as low as 1250° C.), overheating was 
completely suppressed in some cases, and in the 
others it was only very slight; chromium— 
molybdenum steels, however, were not so amen- 
able to this treatment, though even here the 
overheating was largely suppressed. 

It was later discovered that the temperature 
range through which slow cooling was necessary, 
extended only from the high temperature to 
which the steel had been heated, down to slightly 
below the overheating temperature. Once below 
this lower temperature, the cooling rate was no 
longer important, apart from the fact that in 
the region of 1250-1100° C. the small amount of 
diffusion occurring in the slowly cooled specimen 
would tend to remove any slight degree of over- 
heating remaining after the slow cooling in the 
higher range. 

Further experiments showed that when, for 
example, a steel with an overheating temperature 
of 1300° C. was heated to 1375° C., and allowed 
to cool in the furnace to 1325° C. before with- 
drawing for .air-cooling, the resultant degree of 
overheating was about the same as that found 
in a specimen heated to only 1325° C. and air- 
cooled from that temperature. These results 
are summarized in Fig. 9. 

Finally, when specimens were air-cooled from 
the high temperature down to approximately 
1000° C. and then slowly cooled to room tem- 
perature, the overheating was similar to that 
found in specimens which had been completely 
air-cooled. ’ 

It is evident from these results that the mechan- 
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ism which results in overheating operates only 
while the steel is cooling from the high tem- 
perature to approximately the overheating tem- 
perature, or slightly below it. 


| Soaking | Soaking Soaking 


Soaking 


Overheating | 
temperature 


Si 


i 
Furnace 
coo/ing 


buiyouanb- sae 


Temperature —» 
Buijoos -4IV 


Overheating 
suppressed 


Overheating 
similar to (a) 


(6) 


(d) 
Fic. 9.—Effect of Cooling Rate on Overheating. 


(a) 


(ce) 


While quenching from the high temperatures 
will not have any application in practice, it 
may be advisable to point out that when speci- 
mens are broken in the quenched condition, they 
give a very striking granular fracture. The 
facets have a mirror-like appearance, as shown 
in Fig. 30, and can be easily distinguished in 
this way from the normal overheated fracture. 
On oil-quenching and tempering these quenched 
specimens, the fracture becomes fibrous (Fig. 31). 


Resuscitation of Overheated Steel. 


In practice it is sometimes possible to reclaim 
overheated steels by subjecting them to a pro- 
longed normalizing treatment at a temperature 
between 900° and 1150° C. or by repeating the 
usual normalizing treatment a number of times. 

In order to judge the relative merit of these 
methods, bars of the three following steels were 
air-cooled from 1375° C. and heat-treated in the 
usual manner : 


Overheating 

Temp., ° C. 
No. 50 (44% Ni-Cr) 1300 
No. 51 (3% Cr—Mo) . , 1300 
No. 52 (24% Ni-Cr—-Mo) . 1300 


Fracture tests showed a considerable degree of 
overheating in each steel. 

Specimens from these overheated bars were 
then given’ three normalizing treatments at 900° C. 
of 1 hr. each, after which they were heat-treated 
and fractured. No improvement was found in 
any of the steels. Normalizing for 1 hr. at 
1100° C. also had very little effect, but 6 hr. at 
this temperature brought about a marked im- 
provement in the nickel-chromium and _nickel— 
chromium—molybdenum steels. No appreciable 
change could be seen in the fracture of the 
chromium—molybdenum steel. 

It was found in similar tests that 1 hr. at 
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1200° C. gave about the same result as 6 hr. at 
1100° C. The chromium—molybdenum steel did 
not respond as well as the other two to this 
normalizing treatment. 

In view of the results obtained by the slow 
cooling of steels from 1375° C. (described in the 
previous section), it was thought that resuscita- 
tion might be more effective if the overheated 
steels were given this slow-cooling treatment. 
Accordingly, specimens from the overheated bars 
were heated to 1375° C. and allowed to cool in 
the furnace (3°C./min.) to 1250° C., after which 
they were air-cooled, heat-treated, and fractured. 
The nickel-chromium and the nickel-chromium— 
molybdenum steels showed only the slightest 
trace of overheating and, while the fracture of 
the chromium-—molybdenum steel still showed 
some facets, there was a considerable improve- 
ment. The same treatment applied to an over- 
heated specimen of steel No. 54 (24% Ni-Cr—Mo) 
completely removed all trace of overheating as 
revealed by the fracture. 

In a recent experiment, Izod tests were carried 
out on specimens of steel No, 79 at each stage in 
the following series of treatments. As usual, the 
Izod test was carried out on the specimens after 
final oil-quenching, and tempering at 600° C. : 


Pretreatment, Izod Value, ft. 1b. 


(1) As-rolled . ; 74 
(2) Overheated by heating to 1375° (Oe 
A.C. a 52 
(3) Overheated by heating to 1375° 2 
F.C.* to 1250° C., A.C. . 67 
(4) ee by heating to 1375° C., 
A.C. (as in (2)), reheated to 1375°C., 
F.C. to 1250° C., A.C. . ‘ 68 


MELO: 


It will be seen that the Izod value which had 
been reduced by overheating to 52 ft. Ib. was 
brought back to 68 ft. lb. by the slow-cooling 
treatment, and it is probable that if the slowly 
cooled specimens ((4) above) had been given a 
grain-refining treatment, the improvement would 
have been greater. 

It now remains to test this method with steels 
which have been considerably embrittled by 
overheating, and experiments along these lines 
are being carried out. 

Some idea of the improvement possible by 
this method of slow cooling may be obtained 
from a comparison of Figs. 32 and 33. The 
former shows the fracture of a specimen of over- 
heated nickel-chromium-—molybdenum steel sub- 
mitted by a works, and Fig. 33 shows the fracture 
obtained after this specimen had been reheated 
to 1375° C., furnace-cooled to 1200° C., then air- 
cooled, and finally oil-quenched and tempered as 
usual. The difference in the two fractures is very 
pronounced. 

No claims are made for a slow cooling rate of 


= Furnace- nobieal 
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3°C./min. This happened to be the rate of 


cooling in the muffle tube in the laboratory 
furnace. 


Hot Working. 


Steel bars 1 in. in dia. were heated to 1375° C. 
(75° C. above the overheating temperature) and 
hammered into flats of 3, +, and 4-in. thickness, 
respectively. The hammered sections were air- 
cooled and heat-treated in the normal manner. 

The fracture and the etch tests showed evidence 
of overheating, the facets and polygonal boundaries 
becoming flattened ellipses as the deformation 
increased, which to some extent suggested a 
smaller degree of overheating than was shown in 
the absence of hot working. The flow lines in a 
rolled section have no influence on the polygonal 
structure, as is shown very clearly in Fig. 34. 
This photomicrograph is of interest because it 
demonstrates in a simple manner that grain 
growth at the high temperature is completely 
unaffected by the flow lines or rolled structure of 
the steel. 


Problems under investigatior® at the present 
moment include the effect of overheating on 
isothermal transformation, and the importance 
of residuals, finishing conditions, and deoxidants 
used in the steelmaking process. 


Mechanism of Overheating. 


While much work still remains to be done 
before the mechanism of overheating is com- 
pletely understood, results obtained in the present 
investigation have brought to light a certain 
amount of indirect evidence relating to this 
problem. 

In the first place they have established the 
fact that overheating is an inherent property of 
the steel, and not simply the result of a mechanical 
envelopment of the austenite grains by the fusion 
of non-metallic constituents ; nor is it caused by 
films produced by preferential oxidation of alloy- 
ing elements such as chromium. These theories 
are proved untrue by (a) the possibility of resusci- 
tation, and (b) the fact that different tempering 
temperatures produce different types of fracture. 
With regard to non-metallic constituents, it has 
been found that it is those steels with a high 
inclusion content which have a high overheating 
temperature. : 

The suppression or removal of overheating by 
extreme rates of cooling through the overheating 
range indicates that the changes in the austenite 
crystal which give rise to overheating take place 
during the cooling through this range, 7.e., from 
the temperature to which the steel has been 
heated, down to the overheating temperature. 

The reappearance of the austenite boundary in 
the granular fracture and etched structure of an 
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overheated steel can be taken as evidence of a 
difference in composition between the boundary 
and the main body of the austenite crystal. 
The mechanism of overheating must therefore 
involve a diffusion process within the austenite 
grain. It is not yet clear what the diffusing 
element or elements are, nor whether diffusion 
is to, or from, the boundary. 

This change in composition produces a boun- 
dary which does not possess the same degree of 
response to heat-treatment as the remainder of 
the crystal. This is demonstrated by the fact 
that fracture occurs more readily along these 
boundaries as the steel is toughened by pro- 
gressive heat-treatment. 

It may also be explained that, although the 
fracture of overheated steel has all the appearances 
of being intergranular, it is not produced by the 
separation of crystals. In the final heat-treated 
condition the structure of the steel is sorbitic, 
but in this sorbite there is a network of boun- 
daries which are of a definite thickness, as shown 
by Fig. 35, and through which fracture occurs. 

Unfortunately it has not yet been possible to 
compare in overheated steel the hardness of the 
boundary with that of the main body of what was 
the austenite crystal, as the hardness measuring 
instruments are too coarse. In one sample, in 
which incipient burning had occurred, the poly- 
gonal boundaries after normal heat-treatment 
gave a Vickers hardness number of 401, while, 
away from the boundary, the hardness was 320. 
If this is also found to be the case with over- 
heated specimens, then it may be stated that the 
diffusion produces a boundary which is more 
resistant to the influence of tempering than is 
the remainder of the austenite grain. 

Further understanding of the mechanism of 
overheating must await additional experimental 
evidence. 


CONCLUSIONS. 


The investigation is not complete, but results 
obtained to date make possible the following 
conclusions : : 

(1) Overheating is an inherent property of a 
steel, and it occurs in a temperature range 
extending upwards from 1250° C. It is indi- 
cated by the appearance of facets in the 
fracture (preferably that produced by impact), 
and also by special etching reagents. 

(2) Overheating results from diffusion pro- 
cesses within the austenite grain, which operate 
during cooling through the overheating range. 
The rate of cooling has an important influence 
on the development of the overheated structure. 

(3) Steels made to the same specification 
exhibit widely different overheating tempera- 
tures, electric steels generally having a lower 
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overheating temperature than those made in 
the open-hearth furnace. 

(4) Steels with a low inclusion content also 
possess a low overheating temperature. 

(5) The composition of the furnace atmo- 
sphere has no influence on the overheating 
properties of steel. 

(6) The impact strength and tensile properties 
are not seriously impaired in the initial stages 
of overheating. 

(7) Resuscitation of overheated steels by a 
slow-cooling treatment through the over- 
heating range, has been found to be more 
effective than the methods at present in use. 
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OVERHEATING AND BURNING OF NICKEL-— 
CHROMIUM-MOLYBDENUM STEEL.* 


By W. E. GOODRICH, M.Mnr., A.M.I.Mucu.E. (Messrs. Wi~tL14M BEARDMORE AND Co., LTD., 
GLaAsGow). 


(Figs. 1 to 15 = Plates XVI. and XVII.) 
Paper No. 20/1946 of the Alloy Steels Research Committee. 


SYNOPSIS. 


Occasionally, fractured test-pieces removed from forgings for routine inspection have disclosed small 
areas of granular facets, which some inspectors have interpreted as indicative of “ burnt”? steel. More 
conservative opinion, however, has regarded these areas as possible signs of ‘‘ overheating,” and has inclined 
to the view that the evidence of such a condition may be masked by slow rates of cooling while, on the other 
hand, signs of overheating, as judged by fractures, may occur in material which has not, in fact, been 
overheated. A series of experiments were therefore conducted on sections machined from a nickel-chromium— 
molybdenum—vanadium steel forging, the sections being heated to initial temperatures varying between 1250° 
and 1400° C. and subjected to various cooling treatments, in some cases followed by a further standard oil- 
hardening and tempering operation. Afterwards, the specimens were fractured and their fractures and 
metallographic structures, in the various heat-treated conditions, are described. 

It has been shown that a repetition of normal oil-hardening and tempering treatments, or slow cooling 
from overheating temperatures, can appreciably reduce, and in many cases entirely eliminate, the abnormal 
granular type of fracture. All the evidence obtained indicated that it was necessary to cool fairly rapidly 
through the upper critical range to create conditions favourable for the formation of the granular facets, 
and even then tempering temperatures exceeding approximately 400° C. were necessary to produce the 
relative strengths of the crystals and crystal boundaries required for their formation. 

Even at overheating temperatures of the order of 1400° C., no incipient fusion was detected at the grain 
boundaries or within the grains, though there were signs of a metallographic change apparently taking place 
in the solid state at the grain boundaries and also originating from non-metallic nuclei within the grains. 


Ir is not unusual for mechanical-test results 
from forgings of carbon and alloy steels satis- 
factorily to fulfil the test requirements called for 
in the specification, although the fractured test- 
piece discloses small areas of a greyish-coloured, 
granular faceted nature which have been regarded 
as evidence that the steel has been “ burnt ”’. 
Another view is that this feature is indicative of 
overheating before forging or other hot manipula- 
tive operations. The original conception of a 
burnt structure envisaged the granular frac- 
ture as the result either of the aggregation of 
non-metallic particles, with or without oxides, 
at the austenitic grain boundaries, or of incipient 
fusion producing grain-boundary membranes. A 
considerable amount of evidence has accumulated, 


however, which shows that a repetition of the © 


normal oil-hardening and tempering treatment, 
or slow cooling from customary forging tem- 
peratures, appreciably reduces, and in many 
cases entirely eliminates, this abnormal type of 


- 


fracture. It seems logical to conclude, therefore, 
that had the steel really been burnt, this ap- 
parent recovery could not have taken place, and 
it appeared desirable to carry out an investigation 
to attempt to ascertain why certain heat-treat- 
ment operations apparently produce greater 
strength in the interior of the crystals than at 
their boundaries. 


EXPERIMENTAL. 


Several different heat-treatments were applied 
to samples machined from nickel-chromium— 
molybdenum-vanadium steel, the object being 
to obtain evidence which might assist in determin- 
ing the temperatures required to give evidence 
of overheating, and also to produce what has 
generally been-referred to as a burnt fracture; 
and to produce any technical evidence which 
might throw light on the cause of this type of 
fracture. The steel used for the experiments 


* Received February 1, 1946. This paper is published by authority of the Alloy Steels Research Committee. 
The views expressed in it are the author’s, and are not necessarily endorsed by the Committee as a body. 
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was made in the basic electric furnace and had 
the following chemical composition : 


Carbon 0:34% Nickel . 3:46% 
Silicon . 0:275% Chromium 0:62% 
Sulphur 0:008% Vanadium 0:07% 
Phosphorus 0:012% Molybdenum 0:53% 
Manganese 0:-48% 

Overheating temperatures of 1250°, 1300°, 


1350°, and 1400° C. were adopted. Some of the 
samples were cooled relatively slowly in asbestos 
fibre from the overheating temperatures; others 
were cooled slowly in asbestos to 850° C. and oil- 
quenched from that temperature, whilst further 
samples were oil-quenched from the overheating 
temperature. Samples which had undergone 
each of the foregoing treatments were reheated, 
hardened from 850° C., and tempered at various 
temperatures up to 650° C. All the specimens 
were nicked and fractured after their particular 
heat-treatment, and subsequently examined in 
the polished and the polished and etched condi- 
tions at magnifications up to 1000 diameters. 
Various etching reagents were tried, including 
ammonium persulphate and electrolytic etching 
in ammonium nitrate, but as these reagents did 
not give consistently satisfactory results, the 
general examination of microstructures was car- 
ried out on specimens etched in either 2% nitric 
acid in alcohol or 10% nitric acid + 10% sulphuric 
acid in water. 

During the experiments it became evident 
that the type of fracture obtained was controlled 
to a great extent by the rate of cooling from the 
overheating temperature, and also that it was 
appreciably influenced by subsequent reheating 
to a normal hardening temperature, and by the 
subsequent tempering temperature. 

The fractures obtained could, in general, be 
classified under five different types, as depicted 
in Fig. 1, and subsequently referred to as fractures 
A, B, C, D, and E. 


Classification of Fractures. 


(1) Fracture A (Completely fibrous).—The speci- 
mens showing this type of fracture were subjected 
to the two following heat-treatment processes : 


(a) Overheated at temperatures up to 1300° 
C., cooled in asbestos to 20° C.; reheated to 
850° C., oil-quenched, tempered at 650° C., 
and air-cooled. 

(6) Overheated at temperatures up to 1350° 
C., oil-quenched, reheated to 850° C., oil- 
quenched, and then tempered at 650° C. 


In each case metallographic examination 
showed that the general structure was mainly 
fine-grained, with no marked boundaries, but 
with occasional traces of the coarse-grained 
structure produced by the overheating treat- 
ment. Figs. 2 and 3 show typical microstructures 
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of this type of fracture; the samples had been 
heat-treated as in (a) above. 

(2) Fracture B (Silky, transcrystalline, the grain 
boundaries having a somewhat diffused appearance). 
—Silky transcrystalline fractures resulted from 
overheating in the range 1250-1400° C. followed 
by cooling in asbestos to 20° C. 


(a) Fig. 4 shows a typical microstructure 
obtained on specimens overheated to tempera- 
tures up to 1350° C.; in each case a coarse- 
grained structure was apparent, the grain 
boundaries being indeterminate except where 
they were partially defined by changes in 
orientation of the constituents of the individual 
grains. Naturally the grain-size coarsened as 
the overheating temperature was raised. 

(b) On overheating at 1400° C. the micro- 
structure was different. Reference to Fig. 6 
shows ‘that when etched in 2% nitric acid 
the structure consisted of coarse grains with 
pools of a white-etching constituent (many 
having minute non-metallic nuclei) within the 
grains, together with broad white-etching bands 
along the grain boundaries. These white 
areas were attacked by the nitric acid reagent 
(Fig. 7). However, they had no sharply 
marked outline such as would be expected if 
incipient fusion had occurred, though their 
appearance suggested that a phase change 
might be taking place in the solid state. Fig. 5 
shows the typical appearance of these white 
zones at a magnification of 800 diameters. 


(3) Fracture C (Well-defined transcrystalline 
facets, often showing marked twinning).—This 
fracture was obtained by using an overheating 
temperature of 1250—-1400° C., cooling in asbestos 
to 850° C., and oil-quenching from 850° C. 

The microstructures, when etched, were 
generally very similar to those subsequently 
described in (a) of section (5) on fracture H, the 
coarseness of the grains increasing with the higher 
overheating temperatures. The actual fractures 
obtained after heat-treating as in section 5 (a) on 
fracture H were of a granular faceted type which 
persisted after tempering at 650° C., but there 
appeared to be no metallographic evidence to 
indicate why the fractures obtained on the heat- 
treatments given under fracture C should be 
transcrystalline, whilst those obtained with the 
heat-treatment recorded under (a) of fracture H 
should be intercrystalline. 

(4) Fracture D (Granular, with bright inter- 
crystalline facets)—The general procedure for 
obtaining a structure of this type was to oil-quench 
from 1250-1400° C., without subsequently oil- 
hardening from 850° C. and tempering (ef. section 
(5) below.) 

_ The typical metallographic structure is shown 
by Fig. 12 which represents overheating tem- 
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A B (a: v0) & 
Fic. 1.—Types of Fractures: A completely fibrous; J silky transcrystalline; C well-defined transcrystalline facets, showing twinning ; 
D granular, with bright intercrystalline facets; E granular, with dull grey intercrystalline facets. 
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Fie. 2.—Etched with 2% HNO, 3.—Etched with 10% 
Fics. 2 and 3.—Completely Fibrous Fracture. x 100. 


i» e re Pie. f ¢ y 73 2 tg 
Fic. 4 Fic. 5.—Typical Appearance of the White Zones Shown 
ROMSIN@ hs Se IOS in Fig. 6. Etched with 2% HNO;. x 800. 
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Fie. 6.—Etched with 2% HNOs. Fic. 7.—Etched with 10% HNO, + 10% H.SO,. 
Fics. 6 and 7.—Samples Overheated to 1400°C. x 100. 
Micrographs reduced to four-fifths linear in reproduction. 
(Goodrich. 
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Fic. 8.— x 100. Fic. 9.—x 800. 
Fics. 8 and 9.—Specimen Oil-Quenched from 1400° C., showing white pools and bands after etching with 2% HNO. 
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tN, aS i) et rs 2 se Ha es ¢ + s Phe 
ed w Fic. 11.—Etched with 10% HNO, + 10% H.SO,. 
Fics. 10 and 11.—Specimen Overheated to 1400° C., showing clearly defined grain boundaries. Xx 100. 
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Fic. 12.—Specimen Oil-Quenched from 1300° C., show- 
ing clearly defined grain boundaries, Etched with 
Ze LIN © Fes LOO: 


Fic. 15.—Etched with 10% HNO, + 10% H2SO,. x 100. 
Fics. 13, 14, and 15.—Specimen Overheated to 1400° C., and oil-quenched and tempered after cooling in asbestos, showing 
dark-etching bands. 


Micrographs reduced to four-fifths linear in reproduction. 
(Goodrich. 


[To face p. 257 Pp. 


NICKEL—CHROMIUM—MOLYBDENUM STEEL. 


peratures up to 1350° C. The grain boundaries 
were clearly defined by changes in orientation 
within the individual grains, but not by any 
precipitation of metallographic constituents. 

An overheating temperature of 1400° C. pro- 
duced a structure very similar to that obtained 
with slow cooling in asbestos from 1400° C., with 
the exception that when etched with 2° nitric 
acid the white pools within the grains were less 
numerous, and the white bands at the grain 
boundaries were narrower. These structures are 
illustrated in Fig. 8 (at 100 diameters) and Fig. 9 
(at 800 diameters). They again suggest that no 
incipient fusion has taken place. 

(5) Fracture EK (Granular, with dull grey inter- 
crystalline facets)—Several treatments were used 
to obtain this fracture, the overheating tem- 
perature being in the range 1300-1400° C. 


(a) Overheated to 1300-1400° C., slowly 
cooled in asbestos to 850° C., oil-quenched 
from 850° C., followed by tempering at 650° C. 
and cooling in air. The structures formed 
from the above treatment (with the over- 
heating temperatures in the range 1300- 
1350° C.) were similar to that shown in Fig. 12. 
The coarse grain boundaries were clearly 
defined by changes in orientation within the 
grains when etched with 2% nitric acid, and 
by lines of attenuated pits when etched with 
10% nitric acid + 10% sulphuric acid. The 
grain boundaries appeared to be more marked 
with the higher overheating temperatures. 

With an overheating temperature of 1400° 
C., however, a coarse-grained structure was 
produced (Figs. 10 and 11) very similar to 
that obtained on the specimens slowly cooled 
in asbestos, except that the white-etching 
bands on the grain boundaries were far less 
frequent, and in many places were partially 
transformed into broad, dark-etching contours 
when etched with nitric acid. No incipient 
fusion appeared to have taken place either at 
the grain boundaries or within the crystals. 

(b) Overheated to 1350° C., cooled in asbestos 
to atmospheric temperature, followed by oil- 
quenching from 850° C., and tempering at 
650° C. After this treatment the microstruc- 
tures were very similar to those obtained on 
specimens heat-treated as in (a), except that 
the presence of some coarse-grained boundaries 
was more marked. 

(c) Overheated to 1400° C., followed by cool- 
ing slowly in asbestos to atmospheric tem-_ 
perature, or oil-quenching to atmospheric tem- 
perature, in each case followed by oil-hardening 
from 850° C. and tempering at 650° C. 


The microstructures obtained on specimens 
subjected to either of these heat-treatments are, 
in general, illustrated by Figs. 13, 14, and 15. 
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It was noticeable that the white-etching 
boundaries of the asbestos-cooled specimens 
(fracture B) had been almost completely re- 
placed by dark-etching broad bands which were 
heavily attacked by the nitric-acid/sulphuric- 
acid reagent but, as illustrated by the dark- 
etching zone across the centre of Fig. 14, there 
was still no evidence of incipient fusion. 

The specimens oil-quenched from the over- 
heating temperature of 1400° C. (instead of being 
cooled in asbestos), followed by normal oil- 
hardening and tempering, showed less numerous 
white-etching pools within the grains, and there 
was a comparatively greater prevalence of the 
broad dark-etching boundaries when etched in 
nitric acid, and a correspondingly heavier attack 
when etched in the _nitric-acid/sulphuric-acid 
reagent. 


Effect of Tempering Temperature on Signs of 
Overheating. 


In all the foregoing heat-treatments in which 
a tempering operation was applied, the tempera- 
ture adopted was 650° C. 

Another series of samples (in duplicate) were 
heated to 1300° C., soaked for 2 hr., cooled slowly 
in asbestos to 850° C., and oil-quenched. One 
pair of samples was tempered for 4 hr. at each 
of the following temperatures: 200°, 400°, 
500°, 600°, and 650° C. The samples were then 
air-cooled. After tempering, one of each pair 
of samples was fractured, whilst the other was 
again oil-hardened from 850° C. and again 
tempered at its original tempering temperature. 
These samples were then also fractured. A 
description of the fractures is recorded in Table I. 


TaBie I.—T ypes of Fractures Obtained after 
Hardening and Tempering at 
Temperatures. 


Various 


Description of Fracture. 


After Second Hardening 


After First Hardening and 
i and Tempering. 


Tempering. 


Fine, well-defined trans- | Fibrous. 
crystalline facets. 
Semi-fibrous. 


Partly dull grey trans- 


Fibrous. 


crystalline facets. 

Partly bright granu- || Fibrous, with a 

lar. few granular 
Partly bright and partly intererystalline 

dull granular facets. facets. 


Dull granular facets. 
Dull granular facets. 


This portion of the investigation showed very 
clearly that, after oil-hardening, the tempering 
temperature adopted had a controlling influence 
over the formation of the granular intercrystalline 


facets, and, furthermore, that a repetition of the 
s 
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normal oil-hardening and tempering treatments 
was an important factor in their elimination or 
reduction, both numerically and in magnitude. 


SUMMARY AND CONCLUSION. 


Some observations resulting from the in- 
vestigation may be briefly summarized as follows : 

(1) Comparatively rapid cooling through the 
upper critical range is necessary to produce the 
granular type of fracture. 

(2) The granular fracture obtained in specimens 
heated up to 1350° C. can be partially, if not 
entirely, obliterated by one or-more normal oil- 
hardening and tempering operations. Repetition 
of such normal oil-hardening and tempering 
operations effects a further reduction or oblitera- 
tion of the granular characteristics. 

(3) After oil-hardening from 850° C., an original 
granular fracture produced by overheating tem- 
peratures up to 1350° C. does not reappear on 
tempering below about 400° C., but does reappear 
to a lesser degree when tempered between 400° 
and 650° C. In other words, the tempering 
temperature after oil-quenching has a markedly 
controlling influence on the nature of the fracture, 
the higher temperatures (approximately 400- 
650° C.) progressively increasing the granular 
characteristics. 

(4) The fact that this granular fracture is not 
produced unless the material is rapidly cooled 
through the upper critical range, and that it is 
also markedly affected by the subsequent tem- 
pering temperature, suggests that it is chiefly 
associated with the relative strength of the crystals 
and the crystal boundaries. No correlated metallo- 
graphic change was observed unless the over- 
heating temperature exceeded 1350° C. 

(5) For overheating temperatures up to and 
including 1350° C., the granular fracture is usually 
indicated by the presence of marked grain boun- 
daries in microspecimens etched in 2% nitric acid 
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in alcohol. Examination at a magnification of 
800 diameters has failed to disclose precipita- 
tion of any metallographic constituent, the grain 
boundaries being outlined by a change in orienta- 
tion of constituents within the neighbouring grains. 

(6) Overheating temperatures exceeding 1350° 
C. produce metallographic changes consisting of 
white-etching zones on the grain boundaries and 
white-etching pools within the grains when etched 
with 2% nitric acid in alcohol. The white- 
etching zones within the grains usually have a 
non-metallic nucleus. In the case of material 
subjected to a hardening and tempering operation 
after the overheating treatment, these white- 
etching areas frequently give place, either wholly 
or in part, to dark-etching zones, but examination 
at a high magnification failed to produce any 
evidence of local incipient fusion. This type of 
structure, however, gives rise to a granular 
fracture which does not appear to be eradicated 
by subsequent heat-treatment operations. 

Whilst no conclusive metallographic evidence 
has been forthcoming regarding the fundamental 
reasons for the different types of fractures en- 
countered in this investigation, it is clear that 
signs of overheating in steels may be masked by 
slow rates of cooling and, on the other hand, 
evidence of overheating may occur in material 
that is not, in fact, overheated. 

It is hoped that the experimental evidence 
recorded in this paper will at least stimulate 
discussion regarding the possible physical or 
metallographic réasons for the relative strength 
of crystals and crystal boundaries produced by 
the various heat-treatment operations applied. 
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THE EFFECT OF OXYGEN 


ON THE ISOTHERMAL 


TRANSFORMATIONS OF STEEL, AND A SUGGESTED 
TEST FOR BURNING.* : 


By F. C. THOMPSON, D.Mzr., M.Sc., anp L. R. STANTON, Pu.D., M.Sc. (UntversitTy oF 
MANCHESTER). 


(Figs. 3 to 14 = Plates XVIII. and XIX.) 


Paper No. 19/1946 of the Alloy Steels Research Committee. 


SYNOPSIS. 


Samples of a series of plain carbon steels have been locally burnt, and subsequently isothermally 
quenched to various temperatures, with a view to finding a test for burnt material. : 

The results show that certain steels are rendered more reactive by burning, and this suggests a 
displacement of the inherent S curve ; the nature of the final product of transformation indicates that this 
displacement is in a vertical direction, which in effect acts as a shift to the left. 

The deduction is made that this behaviour is due to the introduction of oxygen during burning, which 


probably acts indirectly. 


The effect is absent in other steels of similar composition, as’determined by ordinary methods of 
analysis, and in general it is found to be too erratic to offer a universal test for burning. 


THE authors have previously suggested + that an 
explanation of the phenomenon of “‘ abnormality ”’ 
may possibly be found in absorbed oxygen moving, 
directly or indirectly, the S curve of the steel to 
the left, thus rendering the material more reactive. 
At the time when this hypothesis was propounded, 
there was no evidence by which its truth could 
be confirmed. 

An attempt has now been made to provide 
such evidence by a series of experiments which 
consisted of burning a small area only of a number 
of specimens of a steel known to behave normally 
in its original condition. It has thus been possible 
to compare the microstructures of the burnt and 
unburnt areas of the same specimen. 


EXPERIMENTAL. 


The material used was steel A of the earlier 
work, the composition being : 


Oi Si, %. 
0-82 0-23 


Mn, %. 
0-32 


8, %. 
0-027 

The samples were 1-0 in. long x 0-3 in. in dia. 
The burning was effected by fitting the two ex- 
tremities of the specimen into holes in a pair of 
mild-steel blocks, as shown in Fig. 1, leaving a 
short central portion exposed, to which the flame 
of a very oxidizing oxy-acetylene torch was 


1, Oe 
0-011 


* Received January 31, 1946. This paper is 


applied. Heating was continued until the sur- 
face began to liquefy, the duration being about 
rt 
3 Min. 

By this means a very localized burnt spot was 
produced in a specimen which elsewhere remained 
unaffected. Subsequent examination of a section 


Flame opplied here 


Fia. 1.—Method of Holding the Specimen during 
Burning. 


of the burnt specimen showed that the effect was 
limited to a roughly conical volume of the sample 
immediately under the burnt spot. 

A flat was then ground on the side of the 
specimen, as shown in Fig. 2, so that about half 
the burnt area, surrounded by a considerable 
region of unaffected material, was exposed. In 
the subsequent treatment the specimens were 
heated to the quenching temperature in an 
atmosphere of dry nitrogen in an electric furnace, 


published by authority of the Alloy Steels Research Com- 
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soaked for 4 hr., and then quenched in a bath of 
low-melting-point alloy maintained at the desired 


yw Surat spot 
; 
& 
2 
.°] 
i] 
1-0 in. 
Fic. 2.—Flat Ground on Specimen for Microscopical 
Examination. 
temperature. After immersion in this bath for 4 


hr., the specimens were withdrawn and quenched 
in water. 

The extent to which oxidation had occurred 
during this process may be seen from Fig. 6. 

Figs. 3, 4, and 5 show the structures observed in 
specimens quenched from 850° C. into a bath at 
185° C. Fig. 3 shows a region unaffected by the 
burning, consisting almost entirely of acicular 
martensite, the ight background representing that 
austenite which had remained unchanged at the 
time of removal from the bath, and had then 
transformed to a more or less structureless mar- 
tensite during the subsequent water-cooling. Fig. 
4 shows the structure found in the marginal region 
between the burnt and unburnt parts, consisting 
of much finer martensite needles interspersed 
with troostite, especially at the boundaries of the 
original austenite grains. Fig. 5 shows the struc- 
ture in the burnt portion, in which the trans- 
formation to troostite is almost complete. The 
bath temperature employed corresponded to 
the line of demarcation between that leading 
_to a transformation entirely to martensite, and 
that leading to martensite with troostite. 

These results show clearly that the tendency to 
produce troostite has been increased as a result of 
the burning. The phenomena persisted to some 
extent at still higher bath temperatures, in that 
while troostite now appeared in both the burnt 
and unburnt zones, it appeared in greater quantity 
in the burnt part. 

It is quite clear then that the effect of the 
burning has been to accelerate the rate of break- 
down of the austenite, which is essentially com- 
plete in the burnt region, as compared with less 
than 50% elsewhere, whilst, in addition, the final 
product is not the same. That the presence of 
oxygen—directly or indirectly—does make steel 
more reactive, 7.e., it moves the S curve to the 
left, so far as this steel is concerned, also seems 
clear. 

There is, however, the possibility to be con- 
sidered that the change in the rate of decom- 
position of the austenite may be caused by the 
loss of carbon resulting from the burning treat- 
ment. To determine the extent to which such 
decarburization has occurred, a similar locally 
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burnt sample was heated to a temperature of 
850° C. and furnace-cooled. Fig. 7 shows the 
structure of the burnt part, and Fig. 8 that of 
the normal zone after this treatment. It will be 
seen that both are representative of a slightly 
hypo-eutectoid steel, and that in the region 
examined the loss of carbon during the short time 
for which the steel was burnt cannot have been 
very serious. 

The effect of the possible loss of carbon was 
further examined by subjecting to the same heat- 
treatment a normal, unburnt sample of a steel 
similar in composition to steel A, except that it 
contained only 0:-6% of carbon. Although the 
carbon content in this case was distinctly lower 
than that of the burnt portion of steel A, there 
was no difficulty in obtaining a structure which 
consisted of martensite only (Fig. 9). Hence the 
loss of carbon cannot be the sole cause of the 
more rapid transformation found in the burnt 
samples. — 

We are left, therefore, with the oxygen intro- 
duced during burning as being, directly or in- 
directly, the cause of the difference in the iso- 
thermal transformation of the burnt and unburnt 
parts. In other words, oxygen, directly or in- 
directly, moves the S curve to the left. 

The validity of our initial assumption having 
been established, it becomes of considerable 
interest to see how far such isothermal behaviour 
can be employed as a test of burning, and it is 
with this that the rest of the paper is mainly 
concerned. 


Rate oF ISOTHERMAL TRANSFORMATION AS A 
Trst oF BURNING. 


So far, the burning effect has been revealed 
only in the case of steel A. Experiments of a 
similar character were next made on a range 
of steels of varying carbon content, and also on 
another steel, P, of approximately eutectoid com- 


position. The carbon contents of these steels 
were as follows : 
Steel: BL 0. D. e, andet 
Carbon, % . 0-15 0-50 1:20 1-70 0-78 


In order to select the temperature of the bath in 
which these steels were to be quenched, a series of 
experiments was made with each steel to find the 
temperature below which the product of trans- 
formation (for the size of specimen employed) 
was entirely martensite, and above which troostite 
appeared. For these experiments the bath tem- 
peratures chosen were therefore a few degrees below 
this boundary, as follows: 

Steel:  -B. C. D. BE. 
270 300 300 250 

Samples which had been burnt in the manner 

already described were then heated in nitrogen 


Bath temp., ° C. 
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ISOTHERMAL TRANSFORMATIONS OF STEEL, AND A SUGGESTED TEST FOR BURNING. 


to a temperature (depending on the carbon con- 
tent) high enough to render them completely 
austenitic, and quenched in a bath at the appro- 
priate temperature. 

Microscopical examination revealed the per- 
plexing fact that no effect of burning was to be 
observed, even when burning was sufficiently 
drastic to reduce the cross-section by half. On 
repeating the experiments with a slightly higher 
bath temperature, nodular troostite was found 
in the normal way. 

Experiments were then made with the eutectoid 
steel P; this was found to be somewhat less re- 
active than steel A, but, in this case also, examina- 
tion after the isothermal treatment failed to show 
any difference between the two zones. However, 
when this steel was burnt very severely, sub- 
sequent examination showed that, though the 
structure in both the burnt and unburnt zones 
was martensitic, the martensite in the burnt area 
etched noticeably darker than that elsewhere. 
This may indicate that the decomposition of the 
austenite had proceeded further in the burnt 
material, 7.c., that this too was more reactive. 

It may be concluded that, while burning may 
alter quite definitely the manner in which the 
austenite decomposes, the effect varies enormously 
from steel to steel. 

Returning the steel A, a spot-burnt sample was 
subjected to several successive isothermal treat- 
ments to ascertain whether the effect was perma- 
nent. Examination of such a specimen quenched 
repeatedly from 850° C. into a bath at 185° C. 
and kept there for 30 min., showed that the 
preferential formation of troostite in the burnt 
zone was gradually eliminated, so that none 
occurred after five such treatments. There was 
again, however, a slight difference in the types of 
martensite in the two areas, which is clearly shown 
in Figs. 10 and 11. Fig. 10, from the burnt zone, 
shows that the amount of austenite transformed 
is greater than that in the unburnt region (Fig. 11) 
and further, that the needles are distinctly smaller 
in the former case than in the latter. The experi- 
ment was repeated a sixth time, but with the 
bath temperature somewhat raised (280° C.); 
troostite again appeared in the burnt zone, and 
martensite alone in the normal regions. 

These observations are of considerable interest 
and importance in showing that the effects of 
burning are not confined to the grain boundaries, 
but penetrate to the very centres of the grains. 

It would appear, therefore, that the continued 
heat-treatment resulted in the gradual elimination 
of some condition affecting the burnt zone by 
diffusion or by a reaction with some other element 
present. On the other hand, the result of the 
sixth treatment above seems to show that the 
burnt condition still prevails when the tem- 
perature of the austenite decomposition occurs in 
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a range which is more favourable for the formation 
of troostite. 

In the course of the experiments it was observed 
that when a normal specimen was quenched from 
950° C. into the bath at 500° C., there was some 
difference in the proportions of troostite and 
martensite across the section, troostite being 
noticeably preponderant at the edges. This can 
be seen by comparing Fig. 12 (a section near the 
edge) with Fig. 13 (a section nearer the centre). 
The difference in structure may be explained on 
the grounds of superficial oxidation, which may 
have occurred in spite of the nitrogen atmosphere, 
or it may be correlated with the similar effects, 
already reported by the authors, in which the 
formation of martensite occurs first at the surfaces. 

As confirmation of the general thesis that 
oxygen makes a steel more reactive, the structure 
in the core of a case-hardened steel which con- 
tained a very large amount of included matter 
may be mentioned. 

The normal structure of ferrite and martensite 
occupied the major portion of the field, but dotted 
about in this were much darker, isolated regions. 
At higher magnification these regions were re- 
vealed as troostitic or pearlitic areas embedded 
in ferrite (Fig. 14), and in each of them was 
a clearly defined inclusion of slaggy matter. It 
is impossible to escape from the view that the 
change of structure was due to the latter, a view 
completely concordant with the hypothesis that 
the higher oxygen content in such regions had 
accelerated the rate at which the austenite had 
broken down under similar conditions of cooling. 

There is evidence for the belief that the presence 
of gases in steel has an effect on the rate of 
austenite decomposition. It is of interest, there- 
fore, to ascertain the effect of reducing such gas 
content on the behaviour of a steel when it is 
first burnt, and then isothermally transformed. 

Two specimens of steel A were annealed in 
vacuo at a temperature of 600° C. for 6 hr., under 
a pressure of about 0-3 mm. of mercury, The 
heating was not commenced until there was a 
satisfactory vacuum, and this was maintained 
until the cooling was completed. The specimens 
were then spot-burnt under conditions similar to 
those already described, after which they were 
heated in nitrogen to 850° C. and quenched in 
the metal bath at 185° C. 

Microscopical examination failed to reveal any 
difference whatever between the burnt and un- 
burnt regions. Two other specimens of the same 
steel were first burnt and then vacuum-annealed, 
again at 600° C. for 6 hr. On isothermally trans- 
forming the samples quenched from 850° C. into 
a bath at 185° C., identical structures were ob- 
tained in both the burnt and normal zones. Such 
evidence strongly suggests that the gas content 
of the steel plays a most important part, and it 
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TaBLE I.— Structures of Steel P Isothermally Transformed at Various Temperatures. 
Burnt. Unburnt. 
Bath Temp., °C. Time, min. Structure. Bath Temp.,° O. Time, min. Structure, 
265 15 Martensite 296 10 Martensite. , 
325 15 Martensite. 348 10 Martensite and troostite. 
352 10 Martensite. 
398 60 Martensite, with a very little 396 10 Troostite, with a very little 
troostite. martensite. 


goes far to explain the abnormal results that are 
sometimes obtained in the isothermal treatment 
of certain steels. 

Some results obtained with steel P, transformed 
at higher bath temperatures, may be cited as an 
example of such anomalous behaviour. These are 
presented in Table I., and it will at once be 
apparent that, so far as the higher transformation 
temperatures are concerned, it is the unburnt 
material which is the more reactive. 

Returning to the specimens which had been 
subjected to a degassing treatment, control speci- 
mens which had not been vacuum-annealed were 
given an otherwise exactly similar isothermal 
treatment. The control specimens showed a 
structure consisting of martensite with nodular 
troostite, the degassed samples being fully mar- 
tensitic. 

A further point for which there is some evidence 
is that the rate of change of the austenite, once 
breaking-down has started, 7.e., the distance 
between the lines for initial and complete trans- 
formation, is affected by the burning. 

Complex as the evidence is, it is possible to 
suggest a hypothesis which is, at any rate, con- 
sistent with the main outlines. It is propounded in 
the hope that it will lead to critical discussion, and 
anything approaching dogmatism is completely 
unjustified in the present stage of knowledge. 

Dealing in the first place with the results ob- 
tained on steel A at bath temperatures below the 
peak in the S curve for the normal material, not 
only has evidence been provided which shows 
that the curve is moved to the left, but also that 
there is a difference in the constituents present 
between the normal and the burnt material. For 
this it is essential that, not only should the § 
curve be shifted laterally, but also vertically. 
Since the burnt steel shows troostite at tempera- 
tures at which normal material is fully martensitic, 
it would appear that the burning must have 
depressed the peak, as shown in Fig. 15. 

If the full lines represent the normal steel and 
the dotted lines the burnt steel, then at such a 
point as A, the structure of the former should 
consist of martensite (acicular) formed in the 
bath, and almost structureless martensite pro- 
duced from unchanged austenite during the sub- 
sequent water-quenching. This is the structure 


shown in Fig. 3. For the burnt steel, on the 
other hand, an almost entirely troostitic structure 
would be expected—the steel was treated at a 
temperature above the peak of the curve— 
together with a small amount of martensite formed 
from the austenite which had not yet transformed. 
This is shown in Fig. 5. 


Norme/ 
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Fic. 15.—Depression of S Curve. 


The results obtained on steel P, at the higher 
bath temperatures, cannot, so far as we can see, 
be explained on the basis of this hypothesis, and 
in this case an explanation of the structures can 
be obtained only if the curve is raised. In Fig. 16, 
this suggestion is shown diagrammatically. In 
area A, the burnt sample will have undergone no 
transformation and on cooling will pass over to 
martensite, whilst the normal steel will show a 
structure consisting of martensite (formed during 
the cooling), together with troostite produced in 
the bath. This, as will be seen from Table L., is 
what did occur in the higher temperature range. 
In area 5, the normal steel will be fully troostitic, 
and the burnt steel will consist of troostite and 
martensite. 
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Now, it will be obvious, at any rate in two 
steels as similar in composition as are steels A 
and P, that oxygen cannot directly both raise and 
lower the peak in the S curve at the same time. 
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Fig. 16.—Elevation of S Curve. 


It follows, therefore, that the oxygen taken up 
during burning must exert its influence indirectl 

through some other constituent of the steel. The 
oxidation of manganese would have this effect so 
far as the lateral movement of the curve is con- 
cerned, and this may play its part. The results 
obtained on the degassed samples, however, point 
very strongly to the view that the changes pro- 
duced by the burning are, in considerable measure, 
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due to changes in the content of gases in the steel. 
Since different supplies of the same steel would 
vary in this respect, this would explain the erratic 
results obtained from time to time in the iso- 
thermal treatment of steels, especially of the 
rapidly reacting, plain carbon steels. 


SUMMARY OF RESULTS. 


(1) The rate of breakdown of austenite may be 
accelerated by burning. 

(2) The presence of oxygen, directly or indirectly, 
makes the steel more reactive, 7.e., it moves the 
S curve to the left. 

(3) Since decarburization during burning is only 
slight, it cannot be the sole cause of the more 
rapid transformation found in the burnt areas. 

(4) When the product of the decomposition is 
martensite, the effects of burning are not confined 
to the grain boundaries, but penetrate to the centre 
of the grains. 

(5) The rate of austenitic decomposition is 
affected by the presence of gases in the material. 


CONCLUSION. 


It will be seen from the foregoing that although 
in some material it is possible to differentiate quite 
clearly between the normal and burnt states, it 
is, at the moment, quite impossible to suggest any 
test based on isothermal behaviour which can have 
general applicability. 
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SOME EXPERIMENTS ON OVERHEATING.* 


By J. WOOLMAN, MSc., anp H. W. KIRKBY, Assoc.Mar. (THE Brown-FirtH RESEARCH 
LABORATORIES, SHEFFIELD). 


(Figs. 1 and 2 = Plate XX.) 


Paper No. 21/1946 of the Alloy Steels Research Committze. 


A series of experiments have been carried out which were designed to throw light on the phenomenon of 


overheating and the factors affecting it. 


Some evidence is submitted in support of a hypothesis that the 


overheating phenomenon indicated by faceted fractures is a precipitation effect and is not the result of external 


gas atmospheres. 
of heating to a high temperature is to redissolve it. 


It ts considered that the precipitate is already present in the steel as cast, and the effect 
aa Subsequent cooling, if at a suitable rate, results in a 
precipitate forming at the existing austenite boundaries which then persists as a network. 


This ws reflected 


in the final fracture test by interruptions in the path of the crack, giving rise to the faceted type of fracture. 
The indications are that the rate of cooling from the overheating temperature is an important factor in 


producing faceted fractures. 


The method of steelmaking and the addition of aluminium and other killing 


agents also have an influence on the minimum overheating tenvperature, although the reasons for both effects 


are not yet clear. 


The vacuum-melting experuments have also shown that remelting a material having a very high minimum 
overheating temperature can substantially reduce that temperature, although the variables due to changes 


in composition introduce complexities. 


Besides oxygen, the sulphur contents appear to play an important réle in the phenomenon. 


INTRODUCTION. 


TuHeE work reported in this paper was initiated by 
the finding of overheating effects, namely, faceted 
fractures, in certain forgings made from 3% 
nickel-chromium—molybdenum, 3°% nickel—chro- 
mium—molybdenum—vanadium, and 2/2 nickel— 
chromium steels. Preliminary work consisted in 
evaluating the overheating temperatures for the 
different steels, attempts to recover overheated 
material, and the determination of factors affecting 
the response of the steel to exposure at high 
temperatures. As a result of these preliminary 
experiments further work has been carried out, 
particularly to ascertain what factors in the steel- 
making conditions have an influence on the over- 
heating temperature, since considerable confirma- 
tory evidence had been obtained that the over- 
heating temperature tends to be different in steels 
made by different processes. 

Various preliminary experiments were carried 
out on the following subjects : 


(1) The effect of heat-treatment on material 
showing facets. 

(2) The effect of rate of cooling from the over- 
heating temperature. 


(3) Determination of minimum overheating 
temperature. 

(4) The. effect of furnace atmosphere on the 
formation of facets. 

(5) The effect of forging on overheated steel. 

(6) Discussion of results arising out of experi- 

ments (1) to (5). 

Subsequent work was designed to throw light 
on the hypotheses arising from the earlier work 
listed above. The further experiments consisted 
of : é 

(7) Examination of 3° nickel-chromium— 
molybdenum ingot material (7.e., without 
forging). 

(8) The effect of further heat-treatment on 
material quickly cooled from the overheating 
temperature. 

(9) The effect of the method of steelmaking 
on the minimum overheating temperature. 

(10) The effect of aluminium additions on the 
minimum overheating temperature. - 
(11) Vacuum-melting experiments. 


Definition of Overheating. 


It is necessary at this stage to define the term 
“ overheating,’ and the method used for its 


* Received February 1, 1946. This paper is published by authority of the Alloy Steels Research Committee. 
The views expressed in it are the authors’ and are not necessarily endorsed by the Committee as a body. 
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detection as applied to the present work. Thus, 
the term is used throughout to signify that a 
material in the overheated condition gives a 
faceted fracture after being subjected to a normal 
nicked-fracture test, the material being in a 
reasonably refined, hardened, and fairly fully 
tempered condition. Thus the final treatment 
consisted of normalizing at 950° C., oil-hardening 
from a temperature depending upon the type of 
steel, and tempering at 650°C. for 1 hr. All 
fracture-test results quoted in the present paper 
refer to samples tested under these conditions. 

The definition also covers the presence of heavy 
coarse networks when refined, hardened, and 
tempered material is etched with the H,SO,/HNOg, 
reagent. 


EXPERIMENTAL. 


(1) The Effect of Heat-Treatment on Material 
Showing Facets. 


This series of experiments was confined to a 
sample from a 3% _ nickel-chromium—molyb- 
denum—vanadium steel forging of the following 
composition : 


Ol Ye 
0-30 


Ni, %. 
3°25 


Ory %s 
0-70 


Mo, %. 
0-65 


Wes 
0-25 


The object was to eliminate facets by commercial 
heat-treatments. The work was later extended 
to treatments which would hardly be considered 
commercial. In all cases the treatments were 
carried out on material of 1-in. sq. section from 
one forging which showed a severe degree of over- 
heating as judged by the numerous facets in the 
fractured test-pieces. 
The following treatments were carried out : 


(a) N. 950° C. 4-hr. and 1-hr. soaking periods. 

(b) N. 1050° C. oe 

(c) N. 1100° C. 5 

(d) N. 1150° C. $ FS : 

(e) N. 1150° C. + N. 950° C. (1-hr. soaking period 
in each case). 

(f) N. 1200° C. + N. 1100° C. + N. 1000° C. (1-hr. 
soaking period in each case). 

(g) F.C. 1200° C. (6-hr. soaking period) + N. 950° C. 
(1-hr. soaking period). 

(h) F.C. 1250° C. (6-hr. soaking period) -+- N. 950° C. 
(1-hr. soaking period). 

(i) F.C. 1300° C. (6-hr. soaking period) + N. 950° C. 
(1-hr. soaking period). 

(j) 1200° C. (1-hr. soaking period) F.C. to 800° C. 


” > 


99 > 


‘(k) 900° C. (48-hr. soaking period). A.C. 


N. = Normalized. 
F.C. = Furnace-cooled. 


After these treatments all samples were oil- 
hardened from 850° C. and tempered at 650° C. 

None of the treatments was found to have an 
appreciable influence on the elimination of facets 
in the fracture. 


EXPERIMENTS ON 


OVERHEATING. 


(2) The Effect of Rate of Cooling from the Over- 
heating Temperature. 


Two steels were investigated : 


(ORES AEG ss nny, BEE ae OR INDIES Ona GAG Me Gee We Oho 
Cast 88609 (3% Ni-Cr—Mo-V Steel) : 
0-30 0:25 0-65 0-011 0-009 3-29 0-92 0-60 0-24 


Cast 95847 (2/2 Ni-Cr Steel) : 
0:52 0:25 0-10 0-011 0-012 1:99 1-94 


The work leading to the study of the effect of 
the rate of cooling was concerned initially with 
attempts to eliminate facets in the nickel-— 
chromium—molybdenum—vanadium steel by heat- 
ing faceted material in a coal-gas atmosphere. 
Several erratic and misleading results were ob- 
tained, since the factor of rate of cooling was not 
appreciated at the time. Thus, as a result of this 
work, it was found that whilst furnace-cooling 
(at the rates given in Table I.) from a suitable 
temperature produced faceted fractures, air-cooling: 
a ?-in. sq. bar from the same temperature resulted 
in a fracture almost free from facets. Oil- 
quenching from the same temperature gave a 
fracture quite free from facets. This effect was 


* also observed with the 2/2 nickel—-chromium steel. 


With a view to forming some idea of the tem- 
perature at which facets were initiated on furnace- 
cooling, a number of #-in. sq. samples of the nickel— 
chromium—molybdenum—vanadium and the nickel— 
chromium steels were heated for 1 hr. at 1350°’ 
C. in a gas muffle furnace and furnace-cooled. 
During the cooling, samples were taken out of the 
furnace at 50° C. intervals and oil-quenched and 
then given the final normalizing, oil-hardening, 
and tempering treatments. The results of nicked- 
fracture examination are given in Table I. 


Taste I—The Effect of Quenching and Cooling 
Conditions on the Presence of Facets in Fractures. 


Appearance of Fracture. 


Quenching 
Temp., ° O. 
Ni-Or-Mo-V Steel. 


Ni-Or Steel. 


Free from Free from 
facets. facets. 

Suspicion of . 
facets. 

Fine facets. 


” 
” cy) 
” ” 


Large facets. 
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No further work of this type was carried out 
on the nickel—-chromium—molybdenum—vanadium 
steel, but additional experiments were made in 
the case of the nickel-chromium material. The 
Suppression of facets with the quenching tempera- 
ture at 1100° C. and higher in the case of the nickel— 
chromium steel suggested either a “‘ non-reactive ” 
zone or, alternatively, that the time at these 
temperatures was not sufficient to produce facets. 
Therefore, to eliminate one or other possibility, 
one sample was heated for 1 hr. at 1350° C. and 
furnace-cooled at the same rate as before to 
1150° C., and then again held for 1 hr., and finally 
oil-quenched. Another sample was_ similarly 
treated, but cooled to 1100° C. and held for 1 hr. 
before oil-quenching. Nicked-fracture tests re- 
vealed a few large facets in both samples. 

These results suggested that facet formation at 
these temperatures was a matter of time at the 
temperature, although the number of facets ob- 
tained was not as great as would be expected from 
an overheating temperature of 1350° C. The 
reason for this limited number, however, is dis- 
cussed further in section (8). 

As a result of the above work, subsequent over- 
heating experiments were standardized, as regards 
cooling from the overheating temperature, by 
furnace-cooling from the reheating temperature 
to 800° C. followed by air-cooling. This step was 
taken with a view to accelerating the general 
programme. 


(3) Determination of Minimum Overheating 
: Temperature. 
Details of the three steels used in these experi- 
ments are given below : 
0,%. Si,%- Mn, %. 8%. P,%- 
Cast 88123 (3% Ni-Cr—Mo Steel): 
0-30 0-28 0-63 0-007 0-010 3-21 0-89 


Cast 88767 (3% Ni-Cr-Mo-V Steel) : 
0-30 0-25 0-62 0-010 0-010 3-27 0-97 


Cast 95847 (2/2 Ni-Cr Steel): 
0-52 0-25 0-10 0-011 0-012 1-99 1-94 .... 


NIG 0 OL) Cos MOn Gt «Va Soe 
0-66 


0-66 0-25 


In each case approximately 1-in. sq. bars, cut 
from larger forgings, were used. 

Determinations of minimum overheating tem- 
peratures were made in each case, with the 


following results : . 
, Min. Overheating 
Temp., ° O. 
3% Ni-Cr—Mo steel 1350-1375 
3% Ni-Cr—Mo-V steel 1300-1325 
2/2 Ni—Cr steel . 1200-1225 


Further work was carried out on several more 
casts of each steel except the nickel—chromium 
steel, and the above values were confirmed. 

In all cases the presence or absence of over- 
heating was determined by the usual two methods : 
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(a) The nicked-fracture test, and (b) by etching a 
prepared section in the H,SO,/HNO, reagent. 
In general, it could be said that the facet size 
agreed approximately with the “ grain-size ”’ re- 
vealed after etching with the H,SO,/HNO, reagent, 
although precise determinations were difficult. 
Where measurements were considered to be 
reliable there also seemed to be a correlation 
between the austenitic grain-size formed at the 
overheating temperature and the “ grain-size ”’ 
revealed by the H,SO,/HNO, reagent. This 
aspect of overheating is dealt with more fully in a 
later section. 


(4) The Effect of Furnace Atmosphere on the 
Formation of Facets. 


The work in this case was very limited, but was 
carried out to check the old theory that facet 
initiation was due to outside influences such as 
atmosphere. Samples of 2/2 nickel-chromium 
steel were overheated to temperatures of 1300- 
1325° C. under each of the following conditions : 
In (a) an electric muffle furnace with an air 
atmosphere, (b) a gas muffle furnace, (c) a neutral 
salt bath, and (d) a vacuum furnace (0-001 mm. of 
mercury). In-every case the fractures contained 
numerous large facets. 

It should also be mentioned here that the same 
work was carried out on an overheated 3° nickel— 
chromium—molybdenum steel in an atmosphere of 
coal gas with a view to eliminating facets (see 
section (1)). Samples were heated above the 
minimum overheating temperature in coal gas, 
held for 1 hr., and furnace-cooled. Subsequent 
nicked-fracture tests revealed faceted fractures as 
severe as those obtained on the original material. 


(5) The Effect of Forging on Overheated 2/2 Nickel- 
Chromium Steel. 


The object of this experiment was to determine 
the effect of forging on material heated above the 
minimum overheating temperature (previously 
determined as 1200-1225° C.), as regards both 
response to forging and its effect on the subsequent 
nicked-fracture test. For this work the same 2/2 
nickel-chromium steel was used as in section (3) ; 
three samples 6 in. long were forged from 44 to 
33 in. in dia. over the following ‘temperature 
ranges : 


Sample A. Sample B. Sample C. 
05 POE °0. 
Heated to : ‘ 1250 1275 1300 
Commenced forging : 1240 1260 1280 
Finished forging : 1060 1120 1160 


Temperature measurements were made on the 
outside of the bars by an optical pyrometer, and 
the values quoted should therefore be regarded 
in the nature of a guide rather than absolute 
values. All material forged successfully. 

All the bars were softened by normalizing at 
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870° C., tempering at 660-670° C., and furnace- 
cooling. They were then sectioned longitudinally 
so that a 2-in. sq. section was obtained from outside 
and inside positions for subsequent nicked- 
fracture tests. These were carried out after 
oil-hardening at 870° C. and tempering at 650° C. 
for 1 hr., with the following results : 


Appearance of Fracture. 
Outside. Inside. 


Sample A No facets. No facets. 

Sample BB. ; ; A 5 

Sample C . : - oe Very fine 
facets. 


Micro-examination after etching with the H,SO,/ 
HNO, reagent showed a well-marked network 
corresponding to an index No. (A.S.T.M.) of 2 in 
the sample showing evidence of facets, but there 
was no evidence of overheating in the other cases. 
In addition, the overheated sample showed evi- 
dence of more than one generation of networks 
(Fig. 1). 

2a SE tors ’”? data (measured on the network 
after etching with the H,SO,/HNO, reagent) 
from the laboratory overheating experiments 
(without forging) carried out on the 2/2 nickel— 
chromium steel used for the work reported in 
section (3), are given below : 


Overheating Appearance Grain-Size 

Temp., ° OC. of Fracture, (A.8.T.M.). 
1150 No facets. 2 
1200 Suspicion of facets. I 
1225 Facets. 0 
1250 Ap —2 
1275 “i —3 
1300 aC —5 


As previoulsy mentioned, the facet size increased 
with increase in temperature. 

Consideration of the two sets of data brings out 
the following points : 


(i) Under conditions of heating plus forging, 
the overheating temperature is apparently 
raised by approximately 75° C. (or 100° C. if 
the outside material of the 1300° C. test is 
considered). 

(ii) The very fine facets observed in the 
centre of the test-piece heated to 1300° C. along 
with the grain-size of 2 (which roughly approxi- 
mates to a temperature of 1150° C. for this 
material) taken in conjunction with the data 
derived from the laboratory overheating experi- 
ments (section (3)) suggest that even this 
test-piece would not have shown facets had the 
finishing temperature been a little lower. 

(iii) This work explains the apparent over- 
heating observed in certain forgings where a 
marked feature was the apparent small “ grain- 
size’? (approximately 2) of the heavy net- 
work revealed by the H,SO,/HNO, reagent. 
It also explains the procedure for obtaining 
several generations of network which was also 
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an effect observed in these forgings. Figs. | 
and 2 illustrate typical networks found on the 
experimentally forged sample and on a com- 
mercial forging, respectively. 


(6) Discussion of Results of the Foregoing 
Experiments. 


Several interesting points emerge in considering 
the data from all these experiments : 


(a) There appears to be a minimum tempera- 
ture above which facets are initiated. 

(6) This minimum temperature differs for 
different steels. 

(c) Above the minimum temperature the 
range of facet initiation is fairly wide, the top 
extreme being considered as visible oxide films 
at the austenite grain boundaries existing at the 
temperature in question. (The appearance of 
definite oxide-film formation is, however, con- 
sidered to be a different phenomenon.) Thus, 
the 3% nickel-chromium—molybdenum—vana- 
dium steel shows signs of overheating at 1300— 
1325° C., becoming very definite at 1350° C., 
and, as later experiments have shown, more so 
at 1375° C. In the same way the 2/2 nickel— 
chromium steel shows evidence of overheating 
around 1200-1225° C., increasing in severity 
with increase in temperature, and becoming 
very marked at 1350° C. In the case of both 
steels no visible oxide films were evident. 
Therefore we have ranges of at least 50° C. 
for the 3% nickel-chromium—molybdenum— 
vanadium steel and 125° C. for the 2/2 nickel— 
chromium steel, samples heated in these ranges 
all exhibiting facet fractures; the only apparent 
difference for a given steel heated in the ranges 
quoted is an increase in facet size with an 
increase in temperature. 

(d) Following on (c) above, the evidence to 
date, whilst not entirely conclusive, points to a 
relationship between the austenitic grain-size 
existing at the overheating temperature, the 
facet size, and the network revealed by the 
H,SO,/HNO, etchant. In other words, facets 
appear to be derived from the intercrystalline 
separation of the austenite grains produced by 
the overheating temperature, the separation in 
turn being related to some phenomenon oc- 
curring at the boundaries. 

(e) Consideration of the above evidence, in 
conjunction with the effect of rate of cooling . 
and the effect of forging on overheated 2/2 
nickel-chromium steels, suggests very strongly 
that overheating, of the type under discussion, 
is a precipitation phenomenon entirely unrelated 
to outside influences such as atmosphere during 
heating. In other words the ability to over- 
heat is a function of the steel itself. 


A comparison may now be made between the 
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Fic. 2.—Sample from overheated forging. 


Fics. 1 and 2.—Structures of 2/2 Nickel-Chromium Steel. Etched in sulphuric- 
acid/nitric-acid reagent. x 100. 
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observed effects and the idea of a precipitation 
phenomenon : 


Observed. 

(1) Minimum tempera- 
ture of overheat- 
ing. 

(2) Range of overheat- Hither increased solution or 
ing. merely solution with vary- 

' ing austenitic grain-sizes. 

(3) Slow rate of cooling. Sufficiently slow cooling re- 
sults in precipitation of 
X around existing aus- 
tenite boundaries which 
accounts for increased 
facet size with tempera- 
ture. It has been shown 
with two steels that fur- 
nace cooling need not be 
carried out much below 
the minimum overheating 
temperature. 

Assuming (3) above, this 
would be expected owing 
to increase of austenitic 
grain-size with tempera- 
ture. 

An oil-quenching treatment 
suppressed facet formation 
either by (a) complete en- 
forced solution, or (b) en- 
forced solution down to a 
certain temperature fol- 
lowed by precipitation at 
random as distinct from 
boundary precipitation. 

Forging has no effect on 
facet formation until pre- 
cipitation occurs; then 
X is constantly being 
dispersed by the process 
of changing grain boun- 
daries owing to continual 
deformation and recrystal- 
lization. Thus, if the 
finishing temperature is 
low enough (assuming ade- 
quate work), then no evi- 
dence of overheating will 
be found. If, on the other 
hand, the finishing tem- 
perature is only just below 
solution temperature then 
evidence of overheating 
will be found, but on a 
smaller grain-size relative 
to that produced by a 
simple heating operation. 

It follows from (5) above 


Precipitation Hypothesis. 
Solution temperature for, 
say, constituent X. 


(4) Increased facet size 
with increase in 
overheating tem- 
perature, 


(5) Quick rate of cool- 
ing. 


(6) Reduction or elimi- 
nation of facets 
by controlled 


forging. 


(7) The presence of 


several genera- that, during forging with 
tions of networks its continual deformation 
after etching with and recrystallization, a 
the H,SO,/HNO, temperature will _ be 
reagent. reached when precipita- 


tion occurs at existing 
grain boundaries. As 
there will be several for- 
mations of these, there 
will likewise be corre- 
sponding network struc- 
tures produced. The pro- 
duction of this type of 
structure will be fairly 
critical. 
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(7) Hxamination of 3% Nickel-Chromium— 
Molybdenum Ingot Material. 


Examination of samples selected at random 
from an annealed 3% nickel-chromium—molyb- 
denum steel ingot, after etching with the H,SO,/ 
HNO; reagent, showed the presence of coarse 
cellular boundaries similar to those shown by 
overheated wrought material. No fractured test- 
pieces were available in this work, but later a 
section from an annealed ingot was obtained and 
submitted to examination. The section permitted 
examination from the outside to the centre of the 
ingot, and both fracture tests and micro-examina- 
tion were*carried out at various positions in the 
ingot after different heat-treatments. Six posi- 
tions from the outside to the centre of the ingot 
were utilized, and the following results of fracture 
tests were obtained, all positions giving similar 
results for each treatment : 


Heat-Treatment. 
As-annealed. 


Appearance of Fracture. 
Very coarse and bright. 
No definite facets. 
Numerous’ coarse 
facets._ 
A few coarse facets. 


O.H. at 850° C., T. 650° C. 
for 1 hr. 
N. at 1050° C., N. at 950° 
C., T. 650° C. for 1 hr. 
O.Q. at 1350° C., N. at 
- 1050° C., N. at 950° C., 
T. 650° C. for 1 hr. 


grey 
No definite facets. 


It should be appreciated that fracture tests on 
cast material are not too satisfactory owing to the 
tendency for ingotism to predominate. This has 
ae been observed in the 2/2 nickel-chromium 
steel. ‘ 

Subsequent micro-examination revealed the 
presence of heavy networks after etching with the 
H,SO,/HNO, reagent, in both the annealed and 
the hardened and tempered conditions, with and 
without the prenormalizing and refining treat- 
ments. These networks were virtually absent 
in the specimen originally oil-quenched from 
1350° C., although traces of network were still 
evident. In view of the erratic behaviour of this 
etching reagent in producing heavy networks, too 
much stress should not be laid on the results 
obtained. The conditions leading to maximum 
response with this reagent are being investigated 
separately. 


(8) The Effect of Further Heat-Treatment on 
Material Quickly Cooled from the Overheating 
Temperature. 


Additional heat-treatment. was carried out on 
both steels to try to produce facets at temperatures 
of 1100-1150° C., 2.e., below the normal over- 
heating temperatures. The basis of this treat- 
ment was the assumption that oil-quenching these 
materials from the overheating range suppresses 
facet formation (or precipitation), and reheating 
to some lower temperature might produce small 
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facets (t.e., by precipitation) on the existing grain- 
size. QOil-quenched material in each case was 
therefore treated in the manner described and as 
detailed below. 


Samples oil-quenched at 1325° C. were re- 
heated to : 


(a) 1100° C. for 4, 1, 4, and 8 hr. respectively and 
then all air-cooled. 

(6) 1150° C. for 4, 1, 4, and 8 hr. respectively and 
then all air-cooled. 


(c) 1150° C. for $ hr., furnace-cooled to 900° C., held 
for 1 hr., and air-cooled. 


Each treatment was applied to samples of 
the 3% nickel-chromium—molybdenum—vanadium 
steel and the 2/2 nickel-chromium steel. None 
of the treatments resulted in faceted fractures 
when finally tested after the standard oil-hardening 
and tempering treatment. 
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presence or absence of facets being recorded. 
From the same samples a study was made of the 
grain-growth characteristics of these steels, and 
the relationship between the grain-size produced 
by the overheating temperature and the networks 
observed after etching with the H,SO,/HNO; 
reagent. Both features are considered import- 
ant, when the phenomenon is regarded as one of 
precipitation, for the following reasons : 


If the precipitate is limited in quantity, then 
the grain-size or grain-boundary area will 
influence the concentration of the precipitate. 
Thus, a small grain-size with its consequent 
large grain-boundary area would have less 
precipitate per unit area of boundary than 
correspondingly larger grain-sizes. Therefore 
the minimum overheating temperature for a 
given steel might be influenced by the grain- 


TaBLE II.—Analyses and Minimum Overheating Temperatures for Basic Electric-Arc and Acid © 
Open-Hearth Steels. 


Method T f \ Composition, %. Weintrnaan 
of Manu- PE tee Cast No Orewa tee 
facture, : emp. . 
pre C. Si. Mn. s. : Ni. Cr. Mo. On H,. Ny Pe 
A.O.H. 055% CO 23546 0-53 0-23 0-70 0-040 0-030 0:20 0-09 0-004 0-003 0-003 Above 1375 
BEA, 0-55% O 96469 0-56 0-31 0-54 0-008 0-014 0-14 0-05 0-003 0-001 0-009 1300-1325 
A.O.H. C-Cr 25606 0-98 0-20 0-39 0-036 0-020 0-16 1-46 arene 0-002 0-0002 0-006 
ACOH: O-Cr 26150 0-98 0°34 0-42 0-022 0-021 0-14 1:46 ware 0-002 0-0002 0-004 Above 1275 
B.B.A. O-Cr 87226 1:0 0-21 0:43 0-015 0-016 0-29 1:35 wi 0-003 0-0001 0-011 
B.H.A. C-Cr 91306 0-99 0:34 0:47 0-010 0-011 0:14 1:34 Acie 0-003 0-00005 0-012 
A.O.H. Or-Mo 25979 0-42 0:26 0:66 0-033 0-029 0:27 1-01 0:28 0-008 0-0002 0-004 Above 1375 
B.E.A. Cr-—Mo 91871 0-42 0-30 0-60 0-013 0-013 * 0-16 1-18 0-26 0-002 0-00005 0-009 1275-1300 
A.O.H. Ni-—Cr—Mo 26342 0-40 0-22 0:62 0:03 0-022 1-62 1-16 0-30 0-010 0-0001 0-006 } Above 1375 
A.O.H, Ni-Cr-Mo 26410 0-40 0:22 0-61 0-039 0-030 1:62 1:20 0-30 0-009 0:0002 0-005 
B.E.A. Ni-Cr—Mo 93524 0-41 0-27 0-54 0-008 0-010 1-63 1-14 0-23 0-002 0-0001 0-008 1225-1250 
B.E.A. Ni-Cr-—Mo 94123 ‘i 0-40 0-25 0-62 0-010 0-011 1-68 .| 1-19 0-31 0-003 0-0001 0-006 1275 
| 
A.O.H, = Acid open-hearth process. B.H.A. = Basic electric-arc process. 
It was found subsequently that treatment (b) growth characteristics of the material. It was 


carried out on samples of the 2/2 nickel-chromium 
steel with faceted fractures greatly reduced the 
number and intensity of the facets. 


(9) The Effect of the Method of Steelmaking on the 
Minimum Overheating Temperature. 


A detailed study of the following four types 
of acid open-hearth and basic electric-arc steels 
was carried out : 


(a) 0-55% Carbon steel. 

(6) Carbon—chromium steel (En 31). 

(c) Chromium—molybdenum steel (En 19). 

(d) Nickel-chromium—molybdenum steel (En 
24), 


Minimum overheating temperatures were deter- 
mined in each case using a |-hr. soaking period at 
temperature and the standardized furnace-cooling 
technique previously mentioned: In all cases 
assessment of the minimum overheating tempera- 
ture was on the basis of nicked-fracture tests, the 


for this reason that the study was made to 
ascertain whether electric-arc steels had coarser 
grain-sizes for a given temperature than the 
corresponding acid open-hearth steels. In other 
words, accepting the precipitation theory, is the 
difference in overheating propensities exhibited 
by open-hearth and electric-are steels merely a 
question of grain-size ? 


Table IT. summarizes the data in regard to the 
minimum overheating temperatures, whilst Table 
III. gives the grain-size data. No results of the 
grain-size measurements taken on the samples 
after etching with the H,SO,/HNO, reagent have 
been. included in Table [II. because the values 
obtained were not considered reliable owing to the 
etched networks not being sufficiently continuous. 
A number of cases, however, showed a reasonable 
agreement with the grain-size results obtained in 
the samples in the overheated condition, suggesting 
that the austenite grain-size existing at the over- 
heating temperature and the network revealed by 
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etching have a common basis. That is, the net- 
works represent the original grain boundaries of 
the austenite grains. Further work in this respect 
is at present being undertaken. 

In general, the results of the determinations 
indicate that grain-size per se is not a major factor 
in accounting for the differences observed in the 
facet-forming propensities of open-hearth and 
electric steels. 
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(i) 3% Nickel case-hardening steel (En 33). 
g ( 
(ii) 34% Nickel steel (S69). 
(iii) 14° Nickel-chromium—molybdenum steel 
(Hn 24). 
(iv) Nickel-chromium 
($82). 


case-hardening _ steel 


Casts of the first three steels mentioned were made 
by both the open-hearth and electric processes and 


Taste Il1.—Comparative Grain-Size Data Obtained on Basic Electric-Arc and Acid Open-Hearth Steels. 


Grain-Size (A.8.T.M.), 


A.O.H, (Cast 23546), 


(a) 0:55% Carbon Steel. 


B.B.A. (Cast 96469). 


B.E,A, (Cast 87226). B.H.A. (Cast 91306), 


1300 Mostly 1. Mostly 1. 
1325 0 with some —1. (F) 0 with a few larger 
grains. 
1350 Mixed 1 and 0 with | (F) Mostly 0 with a few 
some larger grains. larger grains. 
(6) Carbon—Chromium Steel. 
A.O.H. (Cast 25606). A.O.H. (Cast 26150). 
1200 1 with some 0. 2 with some J and 0. 1 to 0. 
1225 1 to O (some larger | 1 to 2 with some 0. 
grains). 
1250 1 to 0 (some —1). 0 with a few —1. 
| (c) Chromium—Molybdenum Steel (Hn 19). 
A.O.H. (Cast 25979). B.E.A. (Cast 91871). 
1275 1 (a few 0). 2 to 3 (a few 1). 
1300 0 to 1 (some larger | (F) 1 to 2 (some larger 
grains). grains). 
1325 0 to —1 (a few —2). (F) Mostly 1. ode 
1350 0 to —1. (F) 0 with some —1. = | 


A.O.H, (Cast 26342), 


(ad) Nickel—Chromium—Molybdenum Steel (Hn 24). 


A.O.H. (Cast 26410), 


1 to 0. 2 with some 1. 
1 to 0. 0 to 1. 
‘0 to —1. Mostly 0. 
0 to —1 (a few larger | 0 to —1. 
grains). 


0 to —1 (a few —2). 0 to —1. 


: 1 with some 0. 
Mostly 1 .and a few | Mixed 2, 1, and 0. 
larger grains. 


—1 with a few —2. 1. 


B.H.A. (Cast 93524), B.E.A. (Cast 94123). 


(F) Mostly 1. 

(F) 1 with a few 0. 
(F 

(F 


) 1 with some 0. 
) —l to —2. 


(F) Saita.= 2, 


(F) denotes a faceted fracture. 


The results given in Table IT. indicate that the 
minimum overheating temperature is appreciably 
affected by the particular method of manufacturing 
the steel and suggest that, in the main, electric 
steels are more readily overheated than acid open- 
hearth steels. In this connection the authors 
would like to refer to some experiments carried 
out by Mr. G. L. Talbot of Messrs. Rolls- 
Royce, Ltd., who has kindly consented to the 
inclusion of his results in this section of the 
paper. 

Four types of steel were tested : 


their chemical compositions are given in Table IV. 
All the casts of the fourth steel were made in the 
same electric-are furnace. 

Further details of the experiments and results of 
the four steels follow : 
(i) 3% Nickel Case-Hardening Steel (En 33). 

The heat-treatment given to samples of this 


steel was: 


, 4-hr. soaking at 1360° C., 
l1-hr. soaking at 880° C., A.C., 
O.Q. from 870° C., 

O.Q. from 760° C. 
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Samples from each cast were fracture-tested for 


facets with these results : 


No facets. 

No facets. 

Some facets. 
Numerous facets. 


(a) Acid open-hearth (cast C91). 

(6) Basic open-hearth (cast V4563). 
(c) Basic electric-are (cast S4044). 

(d) High-frequency (cast RH5841). 

Repeat tests resulted in similar fractures in the 
same order of merit. 

Both sets of samples were then heated to 1100° 
C. for 1 hr. and air-cooled. After this second heat- 
treatment nicked-fracture tests were again carried 
out from which it was observed that only the high- 
frequency material showed facets. 

New samples of all steels, with the exception of 
the acid open-hearth cast, were then heated to 
1380° C. for 20 min., given the second heat- 
treatment as before, and fractured. 

The following observations were made : 


Traces of facets. 

Some facets. 

Numerous 
facets. 


(6) Basie open-hearth (cast V4563). 
(c) Basic electric-are (cast S4044). 
(d) High-frequency (cast RH5841). 


1200. 
(6b) Basic open-hearth (Cast Both untwisted and twisted 
V 4563) fractures free of facets. 
(c) Basie electric-are (Cast Both untwisted and twisted 


S'4044) fractures free of facets. 
(d) High-frequency (Cast Both untwisted and twisted 
KEH5841) fractures free of facets. 
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Samples of the high-frequency cast (RH#5841) 
were heated for 30 min. at temperatures ranging 
from 1200° to 1400° C. and then again heat-treated 


as above. Results of nicked-fracture tests were as 
follows : 
Temp., ° 0. 

1200 No facets. 

1250 No facets. 

1300 Some facets. 

1350 Marked facets. 

1400 Marked facets. 


The samples were subsequently heated to 1100° 
C. for 1 hr., then given the second heat-treatment, 
as before, and fractured. Facet-free fractures 
were obtained for those specimens initially treated 
at and below 1300° C. 

In addition to the above, the effect of hot work 
carried out at the overheating temperature on the 
appearance of the fracture was explored. — Speci- 
mens were heated to various temperatures for 30 
min., and a reduced-diameter portion was twisted 
through 90° whilst at the temperature and 
finally heat-treated. The following results were 
obtained : 


Temperature, ° C. 


1300. 
Both untwisted and twisted 
fractures free of facets. 
Traces of facets on both 
fractures. ‘ 

Untwisted fractures free of Both untwisted and twisted 
facets. Twisted frac- fractures free of facets. 
tures showed faint facets. 


1250.* 


* For 15 min., followed by twisting, and then a further 15 min. at 1250° C. 


TaBLE IV.—Analyses of Various Steels Manufactured by Different Methods. 


Process. Cast. Ono. Sincee Mn, %. ey AG 1S INGE Orieee | 
(i) 8% Nickel Case-Hardening Steel (Hn 33). 
(a) Acid open-hearth C91 0-14 0-28 0-53 | 0-036 | 0-034 | 3-19 0-15 
(b) Basic open-hearth V 4563 0-16 0-21 0-47 0-035 | 0-018 3-24 0-25 
(c) Basie electric-are S4044 0-15 0-28 0-50 | 0-010 | 0-011 3-00 0-18 
(d) High-frequency RH5841 | 0-14 0-22 | 0-43 | 0-026 | 0-010 | 2-96 14 
(ii) 33% Nickel Steel (S69). 
(a) Acid open-hearth A312 0-39 0-25 0-61 | 0-040 | 0-033 | 3-25 0-20 
(6) Acid open-hearth N9812 0-39 0-18 0-67 | 0-036 | 0-030 | 3-40 0-21 
(c) Basic electric-arc S4029 0-40 0-21 0-63 | 0-012 | 0-010 | 3-63 0-28 
(d) Acid open-hearth A300 0-38 0-25 0-56 | 0-039 | 0-037 | 3-32 0-27 
(e) ? Duplex ; S3606 0-35 0-25 0-56 | 0-012 | 0-012 | 3-30 0-20 
(f) Electric-are ; B540 0-38 0-25 0-58 | 0-012 | 0-013 | 3-47 0-15 
(7) Basic open-hearth B1073 0-38 0-193 | 0-63 | 0-039 | 0-039 | 3-14 0-22 
(h) Electric-are 83763 0-34 0-27 0-61 | 0-012 | 0-013 | 3-55 0-18 
(iii) 149% Ni—Cr—Mo Steel (Hn 24). 
(a) Acid open-hearth B43 0-38 0:24 0-61 | 0-05. | 0-034 | 1-42 1:0 0-25 
(6) Basic open-hearth G4416 0-39 0-26 0-64 | 0-023 | 0-023 | 1:50 0-93 0-32 
(c) Acid open-hearth W3709 0-42 0-26 0-63 | 0-036 | 0-032 | 1-50 1-09 0-27 
(d) Basic electric-arc H2326 0-38 0-22 0-61 | 0-012 | 0-015 | 1-38 1-05 0-23 
(e) High-frequency RD71667 | 0-36 0:34 0-52 | 0-026 | 0-011 | 1-42 0-96 0-27 
(f) Acid open-hearth B43 0-38 0-24 0-61 | 0-05 0-034 | 1-42 1-0 0-25 
(g) Basic open-hearth G4416 0-39 0-265 | 0-64 | 0-023 | 0-023 | 1-50 0-93 0-32 
(h) Basic electric-arc 85647 0-41 0-31 0-51 | 0-014 | 0-024 | 1-71 1-05 0-35 
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(ii) 344 Nickel Steel (S69). 


The samples were given the following heat- 
treatment : 


30-min. soaking at 1360° C. or 
20-min. soaking at 1380° C., then 
l-hr. soaking at 880° C., A.C., 

T. 600° C., A.C. 


Results of fracture tests were as follows : 


Overheating Temperature. 
; : 1360° 0. 1380° 0. 
(a) Acid open-hearth No facets. 
(cast A312). 


(6) Acid open-hearth Some facets. | Numerous 
(cast N9812). facets. 

(c) Basic electric-are Some facets. Numerous 
(cast $4029). facets. 


Additional samples of this steel were heated to 
1350° C. for 1 hr., followed by the second heat- 
treatment as before. The appearances of the frac- 
tures and of the microstructures after etching with 
the H,SO,/HNO, reagent were as given below : 


Fracture. After Etching. 
(d) Acid open-hearth No facets. No network. 
(cast A300). 
(e) ? Duplex (cast Facets. Large network. 
3606). 
(f) Electric-are (cast Facets, but Network, but 
B540). finer than not contin- 
above. uous. 
(g) Basic open-hearth No facets. No network. 
(cast B1073). 
(hk) Basic electric-arc Facets (as Network, but 
(cast 83763). in cast not contin- 
B540). uous. 
(iii) 14% Nickel-Chromium—Molybdenum Steel 
(Ein 24). 


Samples were heated to one of the following 
temperatures : 1360° C. (30 min.), 1380° C. (20 
min.), or approximately 1480° C. (30 min.). Hach 
sample then received the following heat-treatment : 


1 hr. at 880° C., A.C., 
0.Q. from 830° C., 
~'T. 680° C., A.C. 


Corresponding appearances of the nicked frac- 
tures (where carried out) were : 


1360° CO. 1380° C. 

(c) Acid open-hearth No facets. Some facets. 
(cast W3709). 

(2d) Basie electric-arc No facets. Numerous 
(cast H2326). facets. 

(e) High-frequency Traces of Some facets. 
(cast R.D7667). facets. 

(f) Acid open-hearth No facets. 


(cast B43). 
(g) Basie open-hearth 
(cast G4416). 


Samples of steels (c), (d), (e), and (g) which had 
been initially heated to approximately 1480° C., 
1946—i ; 
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were heated at 1100° C. for 1 hr. before final heat- 
treatment. The fractures of these samples showed 
numerous facets. 

Further work on samples of the electric-arc 
steel (d) was carried out as follows : 


Temp., ° CO. 


(30 min.), Fracture. 
1250 Traces of facets. 
1350 Numerous facets. 
1400 Numerous facets. 
All preheated { 1250 Traces of facets. 
for 1 hr. at+ 1350 Numerous facets. 
700° C, 1400 Numerous facets. 
followed by Some facets in 
1350 1 hr. “at each case, but 
1490} 21100 C. an improvement 
before heat- on those above. 
treating. : 


Other samples of this type of steel were heated to 
1380° C. for 20 min., and finally treated as follows : 


1 hr. at 880° C., A.C., 


O.Q. from 830° C., 
TES 6207 Cs 


Results of fracture tests are shown below : 


(f) Acid open-hearth (cast B43) No facets. 

(g) Basie open-hearth (cast G4416). Traces of facets. 

(h) Basic electric-are (cast 85647). | Numerous 
facets. 


A repeat experiment was made using samples air- 
cooled after 1 hr. at 1100° C. instead of at 880° C. 
before the final heat-treatment, with the following 
results : 


(f) Acid open-hearth (cast B43). 


No facets. 

(g) Basic open-hearth (cast G4416). No facets. 
(A) Basic electric-are (cast 85647). | Numerous 
facets. 


(iv) Nickel-Chromium Case-Hardening Steel (S82). 


All material used in these tests was made in the 
same electric-arc furnace, the individual casts 
being successive and numbering 28. A tempera- 
ture of 1370° C. for 30 min. (furnace-cooled) was 
employed for overheating, and there were two 
subsequent treatments before fracturing : 


(a) 1 hr. at 900° C., A.C.; 840° C., O.Q.; 760° C., 


(6) 1 hr. at 1100° C., A.C.; 840° G., O.Q.; 760° C., 
0.Q. 


The response to the temperature was variable, 
some samples being virtually free of facets whilst 
others showed very numerous facets. All casts 
were improved by the intermediate treatment of 
heating to 1000° C., but it was not always effective 
in obliterating the overheating effects. Two casts 
were refined at 1100° C. which did not appreciably 
affect the fracture, whereas refining at 1100° C. 
almost entirely eliminated the facets. 
a 
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(10) The Effect of Aluminium Additions on the. 


Minimum Overheating Temperature. 


After the above series had been completed the 
general subject was discussed with Mr. Preece who 
indicated that, on the basis of a limited number of 
results, there appeared to be a correlation between 
minimum overheating temperature and_ total 
oxygen content. ‘This, of course, was in line with 
the behaviour of open-hearth and _ electric-arc 
steels and indicated that the lower the oxygen 
content the lower was the minimum overheating 
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The chemical composition of each steel and its 
method of manufacture are given in Table V. 


(i) Carbon—Chromium Steel (Hn 31). 


About the same time work was _ being 
carried out on the effect of aluminium additions 
in a cast of carbon—chromium electric-arc steel 
(En 31), with a view to determining the grain- 
growth characteristics of material in various states 
of deoxidation; this work was therefore linked 
up with the previous work on open-hearth and 


TABLE V.—Analyses of Casts before Aluminium Additions. 


Dia, of 
Type of Steel. C,%. | Si, %. | Mn, %.| 8,%. | P,% | Ni,%. | Or, %. | Mo, %.| V,%. | AL %.- Material 
used, in. 
(i) C-Cr Steel (Hn 31). 
Electric-arc 1-01 | 0-25 | 0-39 | 0-007 | 0-014 | 0-18 | 1-37 | 
(ii) 3% Ni-Cr-Mo-V and 3% Ni-Cr-Mo Steels. 
(a) Basic electric-arc (cast 
78226) : p . | 0-32 | 0-14 | 0-54 | 0-016 | 0-017 | 2-77 | 0-69 | 0-53 
(6) Basie electric-are (cast 
91672) 0:30 | 0-29 | 0-64 | 0-007 | 0-012 | 3-17 | 0:83 | 0-66 1 (sq.) 
(ili) 2/2 N7—Cr Steel. 
Electric-are 0-57 | 0:32 | 0-10 | 0-008 | 0-008 | 2-38 | 2-29 | | 3 
(iv) Cr—Al (Nitralloy) Steels. 
(a) Acid open-hearth (cast 
24558) 5 é . | 0-29 | 0-18 | 0-59 | 0-022 | 0-024 | 0-13 | 1:58 | 0-19. 1-11 5} 
(6) Basic electric-arc (cast 
98411) ; : . | 0-26 | 0-24 | 0-55 | 0-015 | 0-015 | 0:30 | 1-59 | 0-26 1-0 1 
(c) Basic electric-are (cast 
93498) . ‘ , . | 0-43 | 0:34 | 0-52 | 0-012 | 0-011} 0-20 | 1-60 | 0-24 0:97 $ 
(d) American (cast 421473) 0-42 | 0-30 | 0-59 | 0-040 | 0-020] ... 1-58 | 0-20 1-15 A 
(v) Cr-—Mn Steel (En 18). 
(a) Acid open-hearth (cast 
25424) . ‘ : . | 0-47 | 0:25 | 0:85 | 0-028 | 0-026 | 0-18 | 0-90 
(6) Acid open-hearth (cast 
24273) < 9 0-43 | 0-14 | 0-73 | 0-034 | 0-026 | 0-30 | 0-89 she ay 78 4 
(vi) Ni-Cr—Mo Steel (Hn 24). 
(a) Acid open-hearth (cast | 
27205) . ‘ A 0:37 | 0-25 | 0-66 | 0-035 | 0-025 | 1-74 | 1-23 0:95 | & 23 
| i 


temperature; therefore if oxygen per se was a 
factor then it must be an indirect one. 
Tests were carried out on six classes of steel : 
(i) Carbon—chromium steel (En 31). 
(ii) 3° Nickel-chromium—molybdenum and 
nickel-chromium—molybdenum—vanadium 


steels. 


(iii) 2/2 Nickel-chromium steel. 

(iv) Chromium—aluminium (nitralloy) steel. 
(v) Chromium—manganese steel (En 18). 

(vi) Nickel-chromium—molybdenum steel (En 


24), 


electric-arc casts. Such tests on open-hearth steel 
would have been preferable, since electric-arc steel 
is generally considered to be well deoxidized as 
compared with open-hearth material, but the 
cast mentioned above was available and so was 
used for this work. 

An addition of 1 lb. of aluminium was made to 
the bath (approximately 10 tons) before tapping, 
and then individual ingots were treated with 
aluminium. The additions of aluminium to each 
individual ingot and the gas analyses of the 
individual rolled bars were as follows: 
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Ingot. Aluminium, %. 0O,, %. HSE AR Wes ie 
A A - 0-008 0:0035  0-00005 0-007 
B ; . 0-004 0:0025  0:-00005 0-009 
Cc 3 - 9-002 0-0030 0-00005 0-008 
D 5 f Nil 00-0035  0-00005 0:009 


Rolled bars of 1}-in. dia. representing each ingot 
were heated at various temperatures for 1-hr. 
periods, slowly cooled, refined, water-hardened, 
tempered, and then nick-fractured. In each case 
the minimum overheating temperature was found 
to be within the range 1200-1225° C. 

Whilst the increase of aluminium did not appear 
to affect the minimum overheating temperature, 
it did affect the appearance of the fracture by 
correspondingly increasing the facet size for a given 
overheating temperature. Furthermore, increase 
in aluminium content rendered the facets much 
more discernible, the effect being to alter the 


texture of the facet and improve its contrast . 


against the normal grey background. It should 
be stated here that the contrast in fractures con- 
taining facets is generally poor for carbon— 
chromium steel under the conditions of test used, 
and it is possibly this feature which gave negative 
results in the case of the samples examined in 
section (9). 

Grain-size data were recorded in the usual 
manner, and the results, given in Table VI., show 
that, in general, increased aluminium additions 
resulted in increased grain-size for a given tempera- 
ture, but had no influence on the minimum over- 
heating temperature. Where facet fractures were 
obtained, their size corresponded with the grain- 
size obtained by micro-examination. ‘ 


(ii) 39% Nickel-Chromium—Molybdenum and 
Nickel-Chromium—Molybdenum—Vanadium 
Steels. 


At the same time further work was put in hand . 


in connection with 3° nickel-chromium—molyb- 
denum (with and without vanadium) steels, 
different casts being used from hitherto (section 
(3)). The minimum overheating temperature was 
determined as before for each steel. 

The following results were obtained : 


Min. Over- 
heating 
03, %- Hi, %- Na, %- Temp., ° O. 
(a) Basic Electric-Are, Ni-Cr—Mo-V Steel 
(Cast 78226). 
0-003 0-0001 0-011 1300-1325 
(6) Basic Electric-Arc, Ni-Cr—Mo Steel 
(Cast 91672). 
0-004 0-0001 0-013 1250-1275 


Comparison of the above results with the earlier 
work on similar steels shows that whilst the present 
vanadium-bearing steel had approximately the 
same minimum temperature of overheating as 
hitherto, the results of the vanadium-free steel 
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TABLE VI.—Grain-Size Data Obtained on Alumin- 
wum-Treated Basic Electric-Arc Carbon— 
Chromium Steels. 


mee. Al, %. Grain-Size (A.S.T.M,), As-Heated. 
1200 Nil 1 to 2 
0-002 0 to 1 
0-004. 1, with some 2 and 0 
0-008 0, with some 1, a few —1 
1225 Nil (F) | 1 to 2 
0-002 (F) | 0 to —1 
0-004 (F) | —1, (few smaller and larger 
grains) 
0-008 (F) | —2 
1250 Nil (F) | Mostly 0 
0-002 (F) | 0, with some —1 and —2 
0-004 (F) | —1 to —2 
0-008 (F) | —2 to —3 
1275 Nil (F) |} lto —1 
0-002 (F) | Oto —1 
0-004 (F) | 0 to —1 
0-008 (F) | —1 to —2, with some larger 
grains. 


(F) denotes a faceted fracture. 


showed that the minimum temperature was 
approximately 100° C. lower than the temperature 
established in the previous series. The above 
result was confirmed by repeat tests. 

Examination of the charge sheets showed that 
whereas the earlier casts were treated with 7 lb, 
of aluminium for an approximately 16-ton charge 
(4 lb. added to bath and 3 lb. added to ladle) the 
present nickel-chromium—molybdenum steel (cast 
91672) having the low overheating temperature 
was an experimental cast and had been treated 
with the following considerably larger quantities 
of aluminium in addition to calcium silicide : 


15 Ib. of aluminium added to bath before finishings. 
12 lb. of aluminium added to bath before tapping. 
67 lb. of calcium silicide added to ladle. 


This led to the search for available casts which 
offered a basis of comparison on the effect of 
aluminium and/or calcium silicide additions. 


(iii) 2/2 Nickel-Chromium Steel. 


Two ingots from an electric-arc cast were 
available, one of which had been treated with 
aluminium and the other of which had not. 
Ingot #X656 had no aluminium addition, and 
ingot HX 655 had an addition of 0-01%. Samples 
of 3-in. dia. rolled bar were tested in each case, 
with the following results : 


Min. Over- 
heating 
02, %- H,, %- N,, %. Temp., ON 
HX 656 0-004 0:00005 0-008 1225-1250 
EX655 0-002 0-00005 0-007 1150-1175 
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Grain-size data corresponding to various 
temperatures are as follows : 

Overheating 

Temp., ° 0. EBX 656 EX 655. 
1150 2 tol 2 to 1 
1175 1 2 to 1 
1200 1 to 2 0 to l 
1225 0 to 1 1 with some 0 
1250 0 to l 0 with some —1 


(iv) Chromium—Aluminium (Nitralloy) Steels. 


A number of casts were available, amongst 
which was an acid open-hearth cast for comparison 
with an electric cast. The inclusion of the open- 
hearth cast was considered interesting, since 
previous work had indicated that aluminium 
additions in some electric-arc casts appeared to 
influence the overheating temperature. This 
naturally suggested that the difference between 
open-hearth and electric-arc steels was one of 
deoxidation and, whilst aluminium influenced 
electric-arc steels to some extent, such additions 
might be expected to have a much greater influence 
on open-hearth material because of the much 
higher overheating temperatures observed in steels 
made in this way. In other words, it could be 
argued that electric-arc steel is generally in a well 
deoxidized condition without aluminium additions, 
and treatment with the latter would not neces- 
sarily influence the overheating temperature. 
Open-hearth’ steel, on the other hand, is much 
less deoxidized and thus additions of aluminium 
(in this case 1%) might reduce the overheating 
temperature approximately to that of the cor- 
responding electric-arc steel. It was realized, of 
course, that the effect of an addition as much as 
1°% may introduce some other factor to influence 
the overheating temperature . 

Of the steels tested (given in Table V.), only 


casts 24558 and 98411 are directly comparable . 


because of the higher carbon contents of the 
other two steels. The size of material used for 
each cast was as follows : 


Cast. Bar Dia., in. 
24558 . ; : west 
98411 . ; - awa! 
93498 . 4 hay 
42M473. : okt 


Examination of fractures failed to reveal facets 
in any of the casts up to 1360° C. The tests at 
1375° C. showed evidence of incipient melting 
and were therefore not suitable for examination 
for facets. 


(v) Chromium—Manganese Steel (Hn 18). 


Two acid open-hearth casts were available, one 
having a greater aluminium addition than the 
other. No electric-are cast was available, how- 
ever, so that relative behaviour could not be 
judged in regard to open-hearth against electric- 
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arc steel. The material used for cast 25424 was 
3-in. dia. bar; an aluminium addition of 20 lb. 
was added to the bath (55-ton charge). Cast 
24273 was in the form of 4-in. dia. bar, and 21 lb. of 
aluminium had been added to the 35-ton charge in 
the bath. The following data were recorded : 


ae wie 

On%. Ha %- Nay %» —Temp., 0. 
(a) Cast 25424 0-006 0-00005 0-006 Above 1375 
(b) Cast 24273 0-002 0-0002 0-002 1350-1375 


Whilst the difference in minimum overheating 
temperature is not quite as much as might be 
expected, the trend is in the direction indicated 
by some of the previous experiments. It should 
be realized, of course, that the samples used were 
from different casts and that the position of the 
material in the cast was unknown. In addition, 
there was no information available as to the 
behaviour of electric-arc casts of similar composi- 
tion. 


(vi) Nickel-Chromium—Molybdenum Steel (Hn 24). 


In view of the foregoing results it was decided 
to determine by direct means whether aluminium 
additions would influence the overheating tempera- 
ture of acid open-hearth steel; consequently 
different amounts of aluminium were added as a 
mould addition to a nickel-chromium—molyb- 
denum steel (En 24). It was hoped to ascertain 
whether the overheating temperature could be 
lowered to the level of that of an electric-are cast, 
i.e., from some temperature in excess of 1375° C. 
to, say, 1250-1275° C. or even lower. The 
aluminium additions were as follows : 

Aluminium 
Addition, oz./ton. 

Nil 
1 


2 
4 


Ingot. 


MRSS 


8 
16 
In view of its well-known deoxidation properties 
8 lb. of Sileaz per ton were added to ingot I. 


The overheating experiments were carried out 
on quartered 24-in. dia. bar and the results and 
gas analyses are given in Table VII. 

Consideration of the results indicates a rather 
erratic response to the aluminium treatment, but 
this may be influenced by the effect of cooling 
rate from the overheating temperature (see Dis- 
cussion below). The results, however, do indicate 
that the minimum overheating temperature of an 
open-hearth cast can be influenced by aluminium 
additions. 


(11) Vacuwm-Melting Experiments. 


Parallel with the foregoing experiments a 
vacuum-melting technique was developed utilizing 
the nickel-chromium-molybdenum steel (En 24) 
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(acid open-hearth cast 26410) which had been 
found to have an overheating temperature in 
excess of 1375° C. as distinct from the temperature 
of 1250-1275° C. obtained on the corresponding 
electric-arc casts. The line of thought in regard 
to this particular experiment was to check 
whether the comparatively low overheating tem- 
peratures observed on electric-arc casts were a 
phenomenon peculiar to the particular steel- 
making process and independent of deoxidation 
(or oxygen content). Thus, a sample ofa 13-in. sq. 
billet in the as-rolled condition was machined to 
produce a sample which would fit an alumina 
crucible to produce a small tapered ingot of 14 in. 
dia. at the top, 14; in. dia. at the bottom, and 4 in. 
in length. 
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The figures in brackets are the grain-sizes obtained 
on the material before vacuum-melting for com- 
parison with the vacuum-melted material. 

As changes in composition were probable, an 
analysis was made of the vacuum-melted material, 
and is presented below together with the cast 
analysis : 


Os freee Sly Ores on Ming epee cea OL, NGS 07. 
Vacuum melt 0-35 0-25* 0-005 0-010 0-034 1-5* 
Cast 0-40 0-22 0-61 0-039 0-030 1-6 

Cr, %- Mo, %- O,, %- H,, %- N;, oe 
Vacuum melt 1-2* 0-3* 0-0009 0-0005 0-0002 
Cast. eel 2, 0:30 0-009 0-002 0-005 


* Obtained by spectrographic analysis. 


In view of the above changes in composition and 
the fact that the minimum overheating tempera- 


Tasie VII.—Response to Overheating of Aluminium-Treated Nickel-Chromium—M olybdenum Steels. 


All samples were refined by normalizing from 950° C., O.H. 850° C., T. 650° C. before fracturing. 
No facets appeared after heating for 1 hr. at 1300° C. 


atateenin Additional Analysis, %. Appearance of Fracture after Heating for 1 hr. at: 
Ingot. Addition, Z 
per ton. s. Os. ee N:. 1325° C. 1350° C. 1375° O.* 
Cc Nil 0-037 0-003 0-00005 0-004 No facets. No facets. No facets. 
D 1 oz. 0-036 0-005 0-0002 0-003 Suspicion of | Small but | Facets. 
facets. definite 
facets. 
EH 2 oz. 0-036 0-005 0:0001 0-004 Suspicion of | Suspicion of | Facets. 
. facets. facets. 
F 4 oz. 0-034 0-004 0-0001 0-004 Suspicion of | Suspicion of | Facets. 
facets. facets. 
G 8 oz. 0-032 0-003 0-0001 0-003 No facets. No facets. Facets. 
H 16 oz. 0-033 0-002 0-0001 0-006 No facets. No facets. Facets. 
I 8 lb. 0-030 0-005 0-0002 0-007 No facets. No facets. Facets. 
Sileaz. 


* Maximum effect appears to be with ingots D and #. 


The sample was heated at 1650-1700° C. for 
1 hr. and furnace-cooled. This was followed by a 
further period of 1 hr. at 1550-1600° C. and 
furnace-cooling. In each case the melting was 
carried out under a vacuum of 0-001 mm. of 
mercury. What atmosphere was present was 
largely made up of carbon monoxide and hydrogen. 

The ingot was well forged to a }-in. dia. bar, and 
used for determinations of overheating tempera- 
tures. Fracture testing gave the following results : 


Heating Temp., ° O. Appearance of Fracture. 


1275 Numerous facets. 
1300 Numerous and large facets. 
1325 Numerous and very large facets. 


The facets were far larger than those found in the 
corresponding electric-are steels. 
Grain-sizes were recorded as follows : 


Overheating Grain-Size (A.S.T.M.), 

Temp., ° O. As-Overheated. 
1275 —2 (0 to 1) 
1300 —3 (mostly 0) 
1325 —4 (0 to —1) 


ture had not been attained, it is intended to carry — 
out repeat melts. 


DISCUSSION. 


No definite conclusions can be drawn at this 
stage of the work as to the actual cause of the 
faceted fractures obtained when steels are heated 
to high temperatures. Nevertheless there appear 
to be several interesting trends developing which 
are based on the following observations : 

(a) There appears to be a minimum temperature 
above which overheating (synonymous with 
faceted fractures) occurs over a fairly wide range 
of temperature. 

(6) The minimum overheating temperature 
varies with different steels and with different casts 
of apparently the same steel. 

(c) Further to (b), the method of steelmaking 
has an important influence on the minimum over- 
heating temperature, basic electric-arc steels 
having considerably lower minimum overheating 
temperatures than corresponding open-hearth 
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steels. Furthermore, aluminium additions (and 
possibly calcium silicide) appear in some cases to 
lower the minimum overheating temperature. 

(d) The vacuum-melting experiments, though 
limited, indicate that this method of melting can 
bring about a substantial lowering of the minimum 
overheating temperature. Therefore low minimum 
overheating temperatures are not necessarily 
peculiar to the basic electric-arc process. 

(ce) The limited work carried out on the nickel— 
chromium—molybdenum ingot samples (section 
(7)) suggests that the overheating tendencies of a 
steel are an inherent factor in the material itself 
and are not the result of outside influences such as 
the atmosphere during overheating (see section (4)). 

(f) Whilst the evidence is limited at the moment, 
it is fairly certain that facet size, austenitic grain- 
size at the overheating temperature, and the 
network revealed by the special H,SO,/HNO, etch 
are inter-related. 

(g) The rate of cooling from the overheating 
temperature is an important factor in the develop- 
ment of faceted fractures. Thus a quick rate of 
cooling tends to suppress facet formation whilst 
the furnace-cooling technique adopted in the 
present work develops faceted fractures if the 
reheating temperature is sufficiently high. On 
the other hand, more recent work has shown—as 
Mr. Preece has also—that the rate of cooling for 
certain steels if too slow may also result in facet- 
free fractures. Thus the indications are at the 
moment that the rate of cooling is a critical factor 
in forming faceted fractures, provided, of course, 
that the material is heated above the established 
minimum overheating temperature; and it is 
probable that the rate of cooling which produces 
the most pronounced facets will differ for different 
steels. 

(h) Forging from a temperature above the mini- 
mum overheating temperature established by 
straight heating experiments has a considerable 
influence on the appearance of the final fracture 
as witnessed by the experiments on the 2/2 nickel— 
chromium steel (section (5)). Thus, by this 
means, the minimum overheating temperature is 
apparently raised some 75—-100° C. and in the case 
where facets were observed in the fracture, 
forging also appears to have reduced the facet 
size considerably. A further important point is 
that heating to a temperature above the minimum 
overheating temperature does not necessarily 
affect the forging behaviour of the steel. More- 
over, the results also suggest that as long as the 
amount of reduction is adequate and the finishing 
temperature low enough, faceted fractures which 
would be expected from the temperatures em- 
ployed are eliminated. 


On the basis of the observations made, a hypo- 
thesis is put forward that faceted fractures are 
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due to a precipitation of an unknown constituent 
around the austenite grain boundaries existing at 
the overheating temperature. Further, this con- 
stituent is already present in steels as cast, and 
with a sufficiently high temperature and a correct 
rate of cooling, a critical concentration of the 
constituent is precipitated at the austenite boun- 
daries existing at that temperature. This con- 
centration results in a series of interruptions of 
the crack induced in the usual nicked-fracture 
test, giving rise to the well-known appearance of the 
faceted fracture. 

How the effect of the steelmaking process 
influences the minimum overheating temperature 
is still a matter to be determined, but several 
interesting factors have been obtained in the work 
which is following on the present paper. In this 
connection Mr. Preece originally put forward the 
idea that there appeared to be a correlation 
between oxygen content and minimum over- 
heating temperature, though the influence was 
probably an indirect one since the lower the 
exygen content the lower appeared to be the 
minimum overheating temperature. He has shown. 
more recently that the correlation is not a good 
one, but it may be affected by other factors such 
as sulphur and inclusion contents. In general, 
the present results indicate that lower oxygen 
contents (other factors being constant) are synony- 
mous with low overheating temperatures, although 
several anomalies exist. ‘The oxygen factor, how- 
ever, may readily account for the influence of 
aluminium additions on the minimum overheating 
temperature, although here again the results 
obtained are not entirely in agreement with the 
expectations. This is particularly so in regard to 
the experiments dealing with the influence of 
aluminium additions to an acid open-hearth cast 
of nickel-chromium-—molybdenum steel (section 
(10)). The response to overheating does not 
increase continuously with the aluminium addi- 
tion. Further work on the effect of cooling rate 
may throw some light on the matter. 

When oxygen contents are low (as in the basic 
electric-arc process compared with the acid open- 
hearth) other elements such as sulphur and 
phosphorus are lowered so that at least three 
variables exist in this connection. Mr. Whiteley’s 
observation that sulphur (as sulphides) appears to 
be dissolved at overheating temperatures is 
interesting, since sulphur is one of the elements 
which is low in the basic electric-arc process and 
which was reduced considerably in the vacuum- 
melting experiment (section (11)). Present experi- 
ments show that sulphur tends to have an in- 
fluence on the propensity to facet formation. 
Thus, a nickel-chromium—molybdenum steel of 
basic electric-are origin was modified such that 
one ingot was treated with iron sulphide to produce 
a sulphur content comparable with a Siemens 
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cast. The following were the analyses before (H) 
and after (I) the modification : 


Ingot. (nWae Big 4c Mn, %. Si GAR LAs Ni, %. 
Jal Ry Oeil: 0-24 0-64 0-012 0-015 3-70 
of > 21083 1 0-24 0:64 0-046 0-015 3-70 

Ingot. Orns. Mo, %. (ORAS Eat Na, Gn 
daih . 0-89 0:36 0-002 0-0001 0-007 
I . 0-89 0-36 0-002 0-0001 0-009 


The results to date show that whilst there does 
not appear to be a wide difference in the minimum 
overheating temperatures, there certainly is a 
remarkable difference in the ease of producing 
facets. Thus, the low-sulphur cast gives numerous 
and well developed facets, the formation of which 
is not affected by the cooling rate from the over- 
heating temperature over wide limits. The high- 
sulphur cast, on the other hand, produces only a 
few poorly developed facets over a fairly wide 
range of overheating temperatures. In addition, 
the high-sulphur cast seems more susceptible to 
variations in the cooling rate than the low- 
sulphur cast. Sulphur, therefore, does appear to 
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affect the facet-forming tendencies of a material. 
These experiments also suggest that the effect of 
the rate of cooling on all types of steel—particu- 
larly those of open-hearth origin—requires explora- 
tion to determine their true susceptibility to over- 
heating. 

The minimum overheating temperature may 
also be influenced by the state of combination of 
the sulphur, and hence by the manganese content. 
It is evident that much further work is required 
and the points raised are being explored. It is 
hoped to deal more fully with these in a later 
paper. 
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[This paper was discussed jointly with the preceding four by H. J. Merchant on ‘‘Some Aspects of the Overheating of Steel 


Drop-Forgings,’’ by A. Preece, A. Hartley, 


S. E. Mayer, and J. Nutting on ‘‘ The Overheating and Burning of Steel,’? by W. E. 


Goodrich on ‘‘ Overheating and Burning of Nickel-Chromium—Molybdenum Steel,’’ by F. C. Thompson and L. R. Stanton 
on ‘** The Effect of Oxygen on the Isothermal Transformations of Steel, and a Suggested Test for Burning.’’] 


Discussion on 
OVERHEATING AND BURNING OF STEEL. 


The following five papers were discussed jointly: “Some Aspects of the Overheating of Steel Drop- 
Forgings,” by H. J. Merchant ; “‘ The Overheating and Burning of Steel,” by A. Preece, A. Hartley, 
S. HE. Mayer, and J. Nutting ; ‘“‘ Overheating and Burning of Nickel-Chromium—Molybdenum Steel,” 
by W. E. Goodrich ; ‘‘ The Effect of Oxygen on the Isothermal Transformations of Steel, and a Suggested 
Test for Burning,” by F. C. Thompson and L. R. Stanton ; and “ Some Experiments on Overheating,” 


by J. Woolman and H. W. Kirkby. 


(Figs. D to I = Plates XXa and XX.) 


Dr. J. W. Jenkin (Member of Council) (Tube 
Investments, Ltd., Birmingham) (in the course of 
presenting the five papers) said: It is likely that 
Mr. Merchant’s evidence for the effect of time 
and of atmosphere is not conclusive, for it is 
clear from the other papers that his views do not 
hold good. While it may be true, as he implies, 
that the higher the alloy content, the greater the 
susceptibility to overheating, the other workers 
have not found a correlation with composition. 
The other workers agree with him in saying that 
electric-furnace material is more susceptible to 
overheating than basic open-hearth. His sug- 
gestion that fracture standards should be pre- 
pared in each plant, with the checking of each cast 
of steel for susceptibility to overheating, is not 
one that will commend itself widely, and it is to 


be hoped that the work described in some of the 
other papers will eventually make such elaborate 
examination unnecessary. Mr. Preece and his 
co-workers have made an important contribution 
to our knowledge of the subject; perhaps the 
most valuable part is the section dealing with the 
importance of the rate of cooling after over- 
heating. Evidently there are many cases in 
which the damage that has been done can be 
eliminated by slowly cooling from the high tem- 
perature concerned down to somewhere just below 
the incipient overheating temperature, below 
which cooling rate does not matter at all. It 
seems that Mr. Goodrich would not agree with 
that conclusion, for he says that it is the rate of 
cooling through the transformation range that 
matters. A related difference is that while Mr. 
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Goodrich’s fracture D (“granular with bright 
crystalline facets ’’) was produced by oil-quench- 
ing from the overheating temperature, and frac- 
ture EZ (‘‘ granular with dull grey intercrystalline 
facets ’’) by slowly cooling in asbestos, Mr. Preece 
says that furnace-cooling (and water-quenching) 
both tend to suppress overheating characteristics. 
This may be cleared up when the investigators 
come to compare cooling rates quantitatively. 
Mr. Goodrich refers in his very opening paragraph 
to the effect of slow cooling in eliminating the 
abnormal fractures and, in his fourth conclusion, 
to the fact that a granular fracture is not pro- 
duced unless the steel is rapidly cooled through 
the upper critical range; nevertheless he some- 
times obtains the granular fracture on “slow 
cooling in asbestos.”’ He says in his conclusions 
that evidence of overheating may occur in 
material that is not, in fact, overheated. I have 
been looking into the paper for some evidence for 
this statement, but so far without success. It is 
clear that both Mr. Goodrich and Mr. Preece lean 
towards the same sort of view of the mechanism, 
7.€., some association with a change in austenite 
grain boundaries whereby the relative strengths 
of the crystals and their boundaries are affected. 
Messrs. Woolman and Kirkby, judging from their 
section 6(d) on p. 268 P, would be reluctant to 
accept Mr. Preece’s refutation of any correlation 
between incipient overheating temperature and 
austenitic grain-size. The bearing on the other 
papers of the work of Professor Thompson and 
Professor Stanton, apart from showing that 
isothermal behaviour does not provide a test for 
burning, is that at any rate there is a difference 
between the burnt and unburnt steel as regards 
the constituents present. They do not however 
say whether they use the term “ burnt” in the 
same sense as Messrs. Preece and Goodrich, 2.e., 
involving incipient fusion. 


Mr. A. PreEcE (Leeds University) : Dr. Jenkin 
has given us such an admirable summary of the 
papers that it only remains for me to indicate 
some of the more important features of our work 
and to refer to certain differences in the conclusions 
arrived at by the various authors. 

When we commenced this investigation about 
two years ago, it was well known that steels 
made to thé same specification and sometimes 
consecutive casts from the same furnace, showed 
wide variations in their overheating properties. 
It was also known that open-hearth steels were 
less prone to overheating troubles than those 
made in the electric furnace. It seemed desir- 
able, therefore, to determine in the first instance 
the overheating tendencies of a large number of 
steels, and to select for more detailed examination 
those which showed rather unusual overheating 
properties. 
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To summarize our results very briefly, it may 
be said that we have established overheating. 
as an inherent property of a steel and that, 
although overheating and burning give rise to 
similar fractures, they are quite different pheno- 
mena. 

It must be emphasized that the degree of over- 
heating depends not only on the temperature to 
which the steel is heated, but also on the rate of 
cooling to the incipient overheating temperature. 
It is during the cooling through this short tem- 
perature range that the diffusion processes, which 
are responsible for the overheated condition, 
actually take place, and it is significant that very 
slow cooling or, to a lesser extent, quenching, 
prevents or largely minimizes this effect. 

From fracture and etch tests, it is evident that 
this diffusion process so alters the composition 
of the metal in the region of the austenite crystal 
boundary that it differs from the rest of the 
crystal in its response to toughening by heat- 
treatment and the faceted or granular fracture is 
merely a consequence of this. 

Soaking time is of importance only above the 
incipient overheating temperature, and then only 
in so far as it produces grain growth. Under 
these conditions, however, temperature has a 
much more important effect on the crystal size 
than has prolonged heating. 

We have not carried out many tests above 
1375° C., but so far we have found no evidence 
of oxide films or tarnish colours on steel that has 
not been burnt. In this respect we differ from 
Merchant, who states that he has found these 
oxide films and tarnish colours on overheated 
steel. We also think that “ crozzling ”’ is of very 
doubtful value for assessing overheating, as it 
probably indicates nothing more than the grain- 
size. 

Results obtained with a large number of steels 
have indicated to us certain dangers in attempt- 
ing to assess from standard fractures the em- 
brittlement of a steel as suggested by Merchant, 
since the relationship between these two factors 
varies from cast to cast. A much better method 
would be to determine the overheating tempera- 
ture of each cast of steel. This could easily be 
made a routine test, and casts having pronounced 
overheating tendencies could then be noted and 
due care taken in heating for forging. 

Goodrich concludes that rapid cooling through 
the upper critical range is necessary to produce 
the granular type of fracture. I presume this is 
intended to mean that this treatment is necessary 
merely to produce a suitably toughened steel 
after appropriate tempering. There does not 
appear to be anything fundamentally important 
in the fact that the steel passes rapidly through 
the upper critical point. 

Goodrich also states that signs of overheating 
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may be masked by slow cooling; we should be 
grateful if he would explain what this effect is. 

There seems to be a fair amount of agreement 
between our results and those of Woolman and 
Kirkby, but we find some difficulty in accepting 
their precipitation theory. We have failed to 
find any evidence of a precipitate in highly over- 
heated steels and Figs. 34 and 35 of our paper 
show that the grain-boundary effect has sub- 
stantial dimensions, and is clearly not a pre- 
cipitate. 

It is unfortunate that “furnace cooling” in 
Woolman and Kirkby’s paper and in ours does not 
mean the same thing. In our paper, it refers to 
a cooling rate of 3° C./min., which is slow enough 
to suppress overheating, while in the other paper 
it signifies a rate of 20° C./min., which we have 
found does not suppress overheating. In com- 
paring results given in both papers, this differ- 
ence in the term “furnace cooling” must be 
borne in mind. 

The results given in Table I. in Woolman and 
Kirkby’s paper are difficult to understand, because 
we should have expected facets in all these 
samples. 

Experiments by these authors, in which addi- 
tions of aluminium have been made to a series of 
ingots, have provided most valuable information, 
and it is to be hoped that they will continue these 
experiments. 

Thompson and Stanton have shown that iso- 
thermal transformation work has not been very 
helpful in studying burnt steels; this may not 
be the case in dealing with overheating pheno- 
mena and may be well worth further study. 


Mr. W. E. Goopricu (Messrs. Wm. Beardmore 
& Co., Ltd., Glasgow): I should like to pay 
tribute to Dr. Jenkin for his very careful summary 
and comparison of the recorded results of the 
numerous investigations. He omitted, however, 
to propose a vote of thanks to me for giving him 
such little printed matter to read! However, 
some of that little seems, at first sight, to be 
rather in conflict with the statements made by 
other investigators, particularly by Mr. Preece 
and his colleagues. 

Dr. Jenkin referred to my statement that 
evidence of overheating may occur in material 
that is not in fact overheated. It is possible to 
get a granular type of fracture on test material, 
say, from a forging, and that material can still 
show typical mechanical properties. Also, the 
faceted type of fracture can be eliminated by re- 
oil-hardening and tempering that forging. There- 
fore, the material could not have been really 
overheated. ; 

Mr. Preece made reference to the statement 
that it was clear that signs of overheating in 
steels might be masked by slow rates of cooling. 
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In Fig. 1 of my paper, fracture B—a silky trans- 
crystalline fracture, with not very marked grain- 
boundary outlines—was produced by overheating 
temperatures of 1350° or 1400° C. That fracture 
does not show the faceted type of intercrystalline 
breaks. Fracture C was produced by using over- 
heating temperatures within the range 1250- 
1400° C., followed by slow cooling to 850° C. 
This procedure produced a transcrystalline path 
of fracture, the crystals often showing twinning 
and having very marked boundary outlines, but 
not the faceted fracture that we associate with 
overheating. If material that has been subjected 
to a temperature of, say, 1350° C. or 1400° C. 
and which has the type of fracture depicted by 
B or C, is subsequently oil-hardened at 850° C. 
and tempered, it then produces a fracture of the 
type shown by £, which is one we associate 
with overheating. Therefore with fractures of 
types B and C the steel is overheated, but 
the fracture does not show that overheated 
effect until the steel is hardened and tempered. 
This also answers the question raised by Mr. 
Preece as. to why I referred in conclusion (1) to 
comparatively rapid cooling through the upper 
critical range .beimg necessary to produce the 
granular type of fracture. In every case we did 
not obtain fracture type H with the dull grey 
transcrystalline facets unless the material had 
been oil-hardened and tempered after the over- 
heating treatment. Therefore, it is the rapid 
cooling rate through the upper critical range, as 
Mr. Preece rightly concluded, which produces the 
relative strength of crystal and crystal boundary 
resulting in the particular type of fracture we 
associate with overheated material. 

Regarding Dr. Jenkin’s remark that I had not 
recorded the actual rate of cooling in asbestos 
in our experimental procedure, we took two 


extremes : Slow cooling as one, and oil-quenching 


as the other. Subsequently we determined the 
time-temperature graph for the asbestos cooling 
procedure, which proved very similar to that of 
Mr. Woolman and Mr. Kirkby. That may account 
for certain differences between the evidence of 
Mr. Preece and that of Mr. Woolman and 
my own. 

With reference to the diffusion and precipita-- 
tion hypotheses put forward, Figs. 5 and 9 in 
my paper, at magnifications of 800, show broad 
grain boundaries but with no marked outline, 
and certainly no evidence of incipient fusion, 
even with an overheating temperature of 1400° C. 
It is difficult, therefore, to consider a precipitation 
having taken place at a grain boundary and yet 
leaving a broad boundary with no marked line of 
demarcation. After oil-hardening and temper- 
ing, and again at a magnification of 800, the 
specimen in Fig. 14 shows a dark, broad line 
extending horizontally across the photograph, 
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but I do not think anyone would call that 
a sharp grain boundary or any form of precipi- 
tate. Also, as Mr. Preece has pointed out, 
the normal analysis of the material—carbon, 
silicon, manganese, sulphur, phosphorus, oxygen, 
and nitrogen—does not seem regularly to influence 
the phenomenon of overheating ; what, therefore, 
is the basis of the precipitate? I think the 
diffusion theory of Mr. Preece and his colleagues 
is more acceptable, but, again, it is rather puzzling 
in one respect: Mr. Preece shows that he can 
get evidence of overheating in less than 5 min. 
and he subsequently indicates that up to 5 hr. 
there is no material difference. I should say that 
as diffusion is a function of time, for the longer 
time period of, say, 5 hr., the diffusion should be 
greater, and one would therefore expect greater 
signs of overheating on the fracture. Whilst that 
theory may prove quite sound and subsequently 
in line with my own suggestion of a possible 
phase change at the boundary, I think a lot more 
has to be done to prove what is happening at 
the boundaries. 

There is another point in that connection. We 
have ample evidence that open-hearth steels, 
with higher non-metallics than basic electric 
steels, require a higher minimum overheating 
temperature to get the granular faceted fractures. 
If the precipitation hypothesis were correct, one 
would expect exactly the reverse, 7.e., the dirtier 
the steel, the more would it be prone to over- 
heating. It may be that some future work will 
show that one particular type of non-metallic 
has an overriding influence and may account for 
the phenomenon. 

Mr. Preece and his colleagues show quite clearly, 
I think, that the furnace atmosphere does not 
seem to matter very much, and Mr. Woolman 
and his colleague show that the same effects can 
be obtained in a vacuum. Mr. Merchant’s state- 
ment does not agree with those findings; he 
inferred that a strongly oxidizing, turbulent 
atmosphere resulted in overheating at lower tem- 
peratures. I should like to suggest that a 
furnace which has a turbulent oxidizing atmo- 
sphere is one which would very easily result 
in local hot spots, and those hot spots might 
produce the overheated structure, whereas the 
actual general temperature in the furnace might 
be much lower than is indicated by those positions. 

e Now, turning to the question of resuscitation : 
In our paper we say that by re-oil-hardening and 
retempering it is possible to eliminate the over- 
heated type of fracture unless it is too severe. A 
repetition of that treatment will again further 
remove the evidence of overheating. Several of 
the other workers have suggested temperatures of 
the order of 1100° C. and upwards. I quite agree 
that those temperatures appear to resuscitate the 
material, but I would point out that often a 
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forging is heat-treated in the machined state very 
near to final dimensional requirements and very 
often it is impracticable to reheat to 1100° C. or 
over, in view of-the possibility of distortion and 
decarburization of the surfaces. , 

It is very clear from all the work that a lot 
more must be done to determine why overheating 
takes place. All the experiments carried out so 
far show certain characteristics associated with 
grain-boundary weakness. Whilst they add to 
our knowledge, they are insufficient at the present 
time to show, or even to suggest, the mechanism 
of overheating. 

Mr. Preece’s paper, Mr. Woolman’s paper, and. 
my own, cover a considerable amount of’ common 
ground and in many cases the factors have only 
partially been elucidated. It would be better if 
such points were completely examined to show 
their significance or to eliminate them from any 
active part in the overheating mechanism. It 
appears to me that at the moment there is too 
much speculation on too little evidence, but the 
hypotheses put forward could be used as a basis 
for further work. I think that work should be 
done in collaboration, certain sections being allo- 
cated to the various investigators, rather than 
that each should formulate his own programme, 
often covering the same ground as other workers. 
In that connection, perhaps it would not be out 
of place to suggest that the British Iron and 
Steel Research Association be asked to participate 
in any future work on this subject. 


Mr. J. Wootman (The Brown-Firth Research 
Laboratories, Sheffield): On p. 235 P of his paper 
Mr. Merchant outlined various aspects of the sub- 
ject which were still obscure. In our work we 
have tried to answer some of those questions, as 
have Mr. Preece and his co-workers and Mr. 
Goodrich. For example, we have shown that 
different steels and, more. particularly, steels 
made by different processes, may have widely 
different overheating susceptibilities, and it ap- 
pears to us that the elements oxygen and sulphur 
are very important in this connection. We 
believe that furnace atmosphere has no influence 
or only a negligible one on the phenomenon. 
We have shown—I think fairly conclusively— 
that forging can affect the overheating tempera- 
ture and in our experiments it had the apparent 
effect of raising the minimum overheating tem- 
perature some 75° or 100° C. We have also 
shown fairly conclusively, I think, that the 
method of steel manufacture is important, par- 
ticularly in the deoxidation technique adopted, 
as also is the rate of cooling from the overheating 
temperature. We would like to emphasize that 
crystalline fractures or faceted fractures can be 
obtained with material which is not overheated 
and one can only judge on the nicked-fracture 
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test that a material has been overheated provided 
that it is put into a toughened condition, usually 
by hardening and tempering. Mr. Goodrich’s 
paper may be taken as a warning against con- 
fusing large crystalline fractures with overheating 
and if this is remembered I think many of the 
apparent inconsistencies will disappear. 

The actual cause of overheating is still very 
obscure. Mr. Preece will not go further than to 
say that it is due to some diffusion phenomena, 
either to or away from the grain boundaries. We 
cannot believe that diffusion away from the 
boundaries can explain the phenomena and we 
are therefore led to the opinion that it is some 
form of precipitation to the grain boundaries. 
We think most of our results support this view. 
Whatever the precipitate is, it must be one which 
has practically zero solubility at all temperatures 
below the minimum overheating temperature, 
with a fairly rapid rise of solubility above that 
temperature, so that only a very small content 
of the constituent need be present in the steel 
for the phenomenon to occur. One of the diffi- 
culties in this theory is that as the oxygen and 
sulphide increases, so does the minimum over- 
heating temperature, which would appear to rule 
out these materials as possible precipitates, but 
it is hard to visualize what else they may be. 
In that connection I would refer you to the result 
of the experiment where we remelted material in 
a vacuum, and to the analyses on p. 277P. It 
will be seen that as a result of vacuum melting 
there was very little change in carbon, there was 
a big drop in manganese and in sulphur, practically 
no change in phosphorus, and a big drop in oxygen, 
hydrogen, and nitrogen. Mr. Preece says there 
is little or no correlation with nitrogen as regards 
the minimum overheating temperature, but it 
seems to me that his plotted points show a definite 
trend with higher nitrogen contents towards a 
lower minimum overheating temperature. That 
would appear to be in the right direction, but it 
does not fit in with our conception that below 
the minimum overheating temperature the solu- 
bility of the precipitate must be very small 
indeed, because nitrogen has a fairly high solu- 
bility in iron; similarly, hydrogen has a fairly 
high solubility in iron; and so we are left with 
the elements manganese, sulphur, and oxygen. 
It is difficult to choose between oxygen and 
sulphur. We do not know their solubilities and 
I would be glad if anybody could tell me what 
they are. However, one might imagine that the 
solubility of sulphur would be less than that of 
oxygen, and therefore we incline slightly to the 
view that it may be sulphur. The fact that 
with increasing sulphur contents the overheating 
temperature is raised—and the same applies with 
increasing oxygen contents—may be due to the 
increasing quantity of the substance which is not 
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in solution at the temperature—that is, the 
greater quantity of material present as inclusions 
and not in solution. It may be that these inclu- 
sions act as nuclei and that the precipitation takes 
place on them and not at the grain boundaries. 
In his remarks Mr. Preece said that he thought 
a white boundary which had a definite width 
suggested that it was not in agreement with the 
precipitation theory, but obviously the precipitate 
must come from a zone very close to the grain 
boundary, owing to the low solubility of the pre- 
cipitate, whatever it is. Therefore, just as in the 
phenomenon of intercrystalline corrosion, it is 
just the material near the grain boundaries from 
which the precipitate comes. 


Professor F. C. Taompson (University of Man- 
chester): In our paper we have described what 
we did, the results obtained, and the explanation 
we offer for them. It would be a waste of time 
to amplify that, but there is one point which has 
emerged in private discussion, namely : What do 
we mean by the “ indirect ” effect of oxygen on 
the S curve? Oxygen may, of course, shift the 
curve of itself, but it is at any rate equally likely 
that the way in which it operates is indirect. 
Another element w—and your guess as to what x 
is will be as good as my own—may possibly shift 
the S curve to the right. If oxygen reduces the 
content of this hypothetical constituent it will 
appear to shift the curve to the left, although in 
actual fact the movement of the curve may be 
due not to oxygen itself but to this other element. 

Considering the papers as a whole, it is abun- 
dantly clear that the overheating and burning of 
steel cannot be ascribed to any one element per 
se, and an explanation has to be looked for in a 
radically different direction. The precipitation 
theory of Mr. Woolman and Mr. Kirkby is in 
some ways very attractive and, I think, contains 
at any rate part of the truth, but the phenomena 
are so complex that it may very well be that no 
one explanation is adequate to explain the whole 
of the facts. The papers, however, do throw an 
enormous amount of light on the possible effect 
of gases and one may make out a very arguable 
case that there is now something like proof that 
such gases are one of the main causes of over- 
heating and burning. Mr. Woolman has already 
drawn attention to the fact that the figures given 
by Mr. Preece and his co-workers in Fig. 5(d) 
show the very marked effect of nitrogen. If a 
curve is drawn downwards from the point 51, 
through 59 to 31, every single point, with the 
exception of steel 77, however the steel may have 
been made, falls below that line. There is, there- 
fore, very strong reason for the belief that, other 
things being equal, as the nitrogen content is 
increased so is the tendency to burning increased. 
How do these gases work? I suggest that one 
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assumption, and one only, need be made: That 
there may be at the boundaries of the grains a 
greater solubility than in the crystal itself. 
Making that single assumption—and if time per- 
mitted I should be perfectly prepared to justify 
it—it seems to follow, and I am in complete 
agreement with Mr. Woolman on this point, that 
the evidence as a whole suggests that the reaction 
between FeO and carbon is the main contributary 
cause. It is not, however, the average content of 
oxygen, or whatever it may be, that matters; it 
is the concentration at the grain boundary. Con- 
sequently, it is not at all surprising that in many 
cases there is no apparent correlation between the 
element and the tendency to burning or over- 
heating. If that is accepted, one has at once 
got an explanation of another fact. Ifin Fig. 5(6) 
of the paper by Mr. Preece and his co-workers a 
line is drawn from 79 to 46, and through 21 and 
33, then, with the exception of one steel, 35, 
which lies just outside that zone, there is an 
absolute correlation between sulphur content and 
overheating. All the steels, irrespective of the 
method of manufacture, fall equally within that 
zone; therefore, sulphur seems to increase the 
overheating temperature. Now, sulphur is known 
to deoxidize steel and, presumably as a result of 
that, sulphur dioxide is formed. In the case of 
the bronzes, it is well known that sulphur dioxide 
has a detrimental effect, and one would, therefore, 
at first sight, expect it to have an equally detri- 
mental effect on the steels. It is noteworthy, 
however, that the volume of sulphur dioxide pro- 
duced by reaction with a given amount of FeO 
is only one-half of the volume of CO produced by 
the reaction of carbon with the same amount of 
FeO. The total volume of gas produced, therefore, 
is less—a fact which provides an explanation of the 
effect of the sulphur. Consequently, in seeking 
an explanation on these lines we are concerned 
with the oxygen content, the sulphur content, the 
nitrogen content, the hydrogen content, and, in 
fact, everything which is capable of producing a 
gas. The boundary concentration of gas will set 
up tensile stresses across these boundaries, and if 
those tensile stresses are sufficiently intense a 
permanent weakening is to be expected. There 
will therefore be every gradation between a 
normal material and one which has been utterly 
ruined, and no sharp line of demarcation can be 
expected. 

This explanation can be used to explain, for 
instance, the effect of forging, since the area of 
the grain boundaries becomes a matter of funda- 
mentalimportance. Now, it is not to be expected 
that very direct correlation between grain-sizes 
and overheating temperatures will be obtained 
from a haphazard series of steels of all sorts of 
compositions and methods of manufacture; but 
the point here is not that; it is the effect 
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of grain-size in a given sample of a particular 
steel. 


Dr. H. Sutrron (Ministry of Supply): These 
papers refer to a trouble which, like hair-line 
cracking, happens to be closely associated with 
those periods in the world’s history during which, 
as mentioned by Mr. Merchant in his paper, the 
production of forgings is greatly accelerated. 
The present time seems to be a very opportune 
one for careful consideration of the phenomenon. 
In this connection we are greatly helped by this 
very interesting set of papers, which provide a 
vast amount of information. On reading them, 
I was struck by the completeness and thorough- 
ness of Austin’s work in this field, which was 
done several years ago. To that work, I am 
glad to see, the authors have made fitting refer- 
ence. 

The excellent micrographs in these papers are 
a valuable aid to those of us who have occasionally 
to consider the significance of what is seen on 
fractures of overheated material. 

An interesting point has been raised by Mr. 
Woolman and by Professor Thompson in, relation 
to nitrogen content. It seemed to me that in 
Fig. 5(d) of the paper by Mr. Preece and his 
colleagues there was very clear evidence that 
nitrogen was something to watch rather closely; 
the bulk of the plots fall rather conveniently in 
biggish clumps. 

The feature of the coarse grain structure which 
gives rise to anxiety, in my mind and in that’ of 
many of my colleagues connected with aircraft, 
is the influence on the performance of the parts. 
Professor Thompson has mentioned features which 
are of importance in this connection. 

The effect on fatigue properties can, in some 
cases, be quite appreciable. It is difficult to 
avoid the impression that extensive troubles 
would have occurred with the use of some of the 
higher-alloy steels, such as S82, in the absence of 
the carburizing treatment. As mentioned by 
Mr. Merchant, the carburizing treatment results 
in appreciable improvement of the grain struc- 
ture by reason of the effect of the thermal treat- 
ment involved, but there is a further effect in 
that it results per se in some improvement of the 
mechanical set-up of the core plus the carburized 
case, and it is well known that the existence of a 
carburized case on a piece of steel properly treated 
does give greatly enhanced fatigue performance. 

From the point of view of the user, it may be 
that the effect of the overheated structure is to 
some extent masked by the hard case and its 
effect on the fatigue performance. It would be 
of interest to have the views of aero-engine 
metallurgists on that point. . 

One feature which interests me is that the 
overheated condition, if present in an advanced 
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degree, can be detected by modern methods of 
electro-magnetic inspection as used for crack 
detection. I would be very much interested to 
hear the experiences of those who have a know- 
ledge of those methods. 


Mr. J. Hinpe (Bristol Aeroplane Co., Ltd., 
Bristol): During that period of the war when 
supplies were difficult, we at the Accrington aero- 
engine factory of the Bristol Aeroplane Co., Ltd., 
knew that overheating was suspected in a large 
number of components, and the evolution of a 
satisfactory imspection method was complicated 
by the local occurrence of overheating in indi- 
vidual components. Unfortunately, many com- 
ponents suspected of being overheated were in 
the more or less finished condition; obviously, 
with finished components a fracture test was 
impossible. Whilst some stampings had integral 
test-pieces attached to them, other stampings 
had not, and that imposed limitations on the 
fracture test. On the connecting rods, with 
which Accrington was most concerned, overheat- 
ing invariably occurred at the end opposite to 
the integral test-piece, so that again the fracture 
test on the stampings involved could not be satis- 
factorily applied. In some instances burning 
could be detected by magnetic inspection but 
overheating could not. From experience the 
likely location of the overheating was reasonably 
well known, and the nitro-sulphuric etch was the 
method finally decided upon as our inspection 
method. The connecting rods were graded by 
this etch into grades A, B, and C, depending 
upon the extent and clarity of the boundaries 
thus revealed. Subsequently the grading was 
extended to F. The method was practised 
originally on finished components and was later 
extended to stampings. An effort had neces- 
sarily to be made to assess the significance of the 
overheating in relation to service conditions, and 
a decision had to be made as to what grade of 
overheating could be tolerated in a connecting 
rod which had to go into an engine and fly— 
that is, without any danger of premature failure. 
At Accrington it was found that the grade of 
overheating was not necessarily reflected in the 
routine mechanical properties. However, the 
effect upon fatigue properties, as discussed by 
Mr. Frith, was discovered. 

The surface of finished rods was such that the 
nitro-sulphuric etch could be applied with little 
further preparation. On stampings, the affected 
end had to be surface-ground and shop-polished 
before the etch could be applied. The method, 
as you would expect, was laborious, but it was 
successfully organized and proved satisfactory. 
Many thousands of rods were examined and 
graded in this way. From one British source, of 
11,000 stampings examined, some 300 were found 
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to be burnt and about 2,000 overheated to 
grade C or worse. Grade C was that stage where 
a definite pattern of grain boundaries began to 
be revealed by the nitro-sulphuric etch; grades 
D, H, and F showed a thickening of the boun- 
daries and a generally more definite pattern. 
From the same source, we examined some 6,000 
finished rods and 1,500 were found to be over- 
heated to about grade C. From two other 
British sources we examined many thousands of 
stampings and finished rods and found none to 
be overheated or burnt. Many thousands from 
an American source were examined, and some 
20% of the stampings were found to be over- 
heated to grade C’; very few were worse than 
grade C, but of 3,000 finished components, only 
67 were of grade C. The difference in the rejec- 
tion rate between stampings and finished com- 
ponents served to indicate the variation in the 
degree of overheating from the outside to the 
centre of a section. 

Experiments with hydrochloric acid pickling, 
which we saw demonstrated by Mr. Clary of the 
Ford Company, gave promising results, and it 
was intended to apply this method to all stamp- 
ings in the Accrington engine factory as a routine 
inspection operation, the idea being to cut out 
the initial surface grinding and polishing, which 
was costly and relatively slow. The necessary 
equipment, however, was not installed in time to 
be put into production use before the turn of 
events in the war caused the high rate of pro- 
duction to be slowed down. 

A considerable amount of work was involved 
in this production study of overheating, and 
some observations from our experience might be 
mentioned. If a fracture characteristic of over- 
heating was obtained and we applied the nitro- 
sulphuric etch, we got a response equivalent to 
grade C or worse. On the other hand, if we took 
a sample that gave grade C or worse on the 
nitro-sulphuric etching and then fractured that 
sample, it did not necessarily follow that the 
fracture produced would give the facets taken as 
being indicative of overheating; that was found 
in many cases. Incidentally, the fracture samples 
had been hardened and tempered. We also 
examined many rods that had seen actual service, 
most of which had reached the overhaul period 
and were available for our nitro-sulphuric etch. 
We found some approaching grade C but the 
majority of the rods examined were not over- 
heated to that extent. I would like to mention 
that one component, not a connecting rod but 
in S90 material and stressed very differently, had 
run for 240 hr. quite satisfactorily. It was taken 
from an engine stripped down for other reasons. 
Out of interest, a fracture test was made, and 
on that fracture test that component showed as 
bad an example of overheating as indicated by a 
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faceted fracture as I have ever seen. We ex- 
perienced failures of rods which could be traced 
to burning, but in my experience no failure 
could be attributed to overheating. 

Many other methods of etching were tried, but 
only one gave results comparable to the nitro- 
sulphuric etch; that was a 2% solution of sul- 
phuric acid, using the electrolytic etching method 
witha 10V., A.C. supply. This method produced 
black boundaries rather similar to the nitro- 
sulphuric etch, but it could not, for obvious 
reasons, be applied very easily to production 
components. 

I believe Mr. Preece refers to white boundaries 
as distinct from the more general black boun- 
daries. We put one end of the shank of a con- 
necting rod into a blacksmith’s hearth and turned 
on the heat furiously until definite melting 
occurred and also burning at that end, hoping 
in that way to get a gradation from burning to 
overheating. Burning was apparent visually and 
was indicated more clearly by magnetic examina- 
tion. On applying the nitro-sulphuric etch to the 
affected end, white boundaries were apparent. 
Of the many thousands of rods examined, we 
only found this white boundary effect on one, 
and that was a rod which had seen service; it 
was of American origin and had run for 320 hr. 
quite satisfactorily. 


Mr. P. Fritru (Bristol Aeroplane Co., Ltd., 
Bristol) (read in his absence): During the last 
four years a considerable number of tests have 
been carried out in the “ Bristol’ laboratory on 
the effect of overheating on the fatigue properties 
of nickel-chromium steels; these tests were 
initiated to assist the design and inspection 
departments in obtaining satisfactory standards 
for acceptance. When the problem was first 
submitted to the laboratory, it was found that a 
considerable number of finished-machined com- 
ponents had varying degrees of overheating, and 
therefore it was necessary to grade the components 
by some non-destructive test. Although it was 
realized that the nitro-sulphuric acid etch, even 
under controlled conditions, had its limitations, 
it was considered that this test was the most 
suitable to use, in view of the components being 
in the finished-machined condition. 

This overheating problem affected various com- 
ponents, but it was thought that if the fatigue 
tests were carried out on a steel that had been 
air-hardened and tempered to not less than 
100-0 tons/sq. in., maximum tensile strength, 
then the reduction in the fatigue properties due 
to various amounts of overheating obtained with 
this steel, could quite safely be applied to lower- 
tensile steels. 

The first series of fatigue tests were carried out 
in the Avery-Schenck push-pull fatigue machine 
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onfinished-machined articulated rods, air-hardened. 
and tempered to not less than 100-0 tons/sq. in., 
maximum tensile strength. (The area of the wrist- 
pin or gudgeon-pin eyes at the position of the 
fatigue fractures was approximately 0-5 sq. in.) 
On completion of the test on each rod a micro- 
section was prepared from the commencement of 
the fatigue fracture and, after etching with 
nitro-sulphuric acid under controlled conditions, 
photographs were obtained at a magnification of 
100. It was considered necessary to grade the 
degree of overheating from A to C, as shown in 
Fig. D. The results of the fatigue tests are shown 
in Fig. A. 


Number on 
tests. 


Crede of overhesting 
at stort of frocture. 


Nil 2 
---- A 


70° jar fo' 10 


Cycles, 


Fie. A.—Results of Fatigue Tests (Avery—Schenck push— 
pull machine) on finished-machined articulated rods 
of nickel-chromium steel (S28) in the air-hardened and 
tempered condition. (Maximum tensile stress not less 
than 100 tons/sq. in.) 


From these fatigue tests it appeared that some 
degree of overheating could be permitted on arti- 
culated rods, especially as the nitro-sulphuric acid 
etch would be carried out on the outside surface 
of the wrist-pin or gudgeon-pin eyes, whilst the 
fatigue fractures commenced on the inside surface 
of the eyes. In general it was found that the 
degree of overheating was greater on the outside 
than on the inside surface of the eyes. The 
actual decrease in the fatigue limit due to an 
overheated structure was not determined on this 
series of tests, because it was found that the rods 
which were unbroken after the test did not have 
an overheated structure. It was also found on 
this first series of tests that the fatigue properties 
were slightly inferior for grade B overheated 
structure than for grade C overheated structure; 
this was most likely due to the fact that the rods 
tested were from various batches, and therefore 
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other variables apart from overheating slightly 
affected the results. 

However, although the first series of tests 
enabled a temporary satisfactory standard to be 
obtained for acceptance purposes, it was felt that 
the effect of greater amounts of overheating on 
the fatigue properties should be determined, and 
it was decided to carry out this second series of 
tests on sections cut from articulated-rod forgings, 
using reversed bending stresses. A number of 
forgings which revealed burning on the outside 


Fatigue 
test-pieces. 


Fic. B.—Method of Sectioning Articulated Rods, show- 
ing approximate position of (A) gudgeon-pin bore and 
(B) wrist-pin bore, of finished-machined articulated rod. 


surface by a magnaflux examination were chosen 
for this investigation, and the sections were cut 
close to and away from the “burnt’’ areas, 
rough-machined, heat-treated, and then finished- 
machined. The method of sectioning is shown 
in Fig. B. On completion of the fatigue tests a 
microsection was prepared from the commence- 
ment of the fatigue fracture, as for the first 
series of tests on the articulated rods and, after 
etching with nitro-sulphuric acid under controlled 
conditions, photographs were obtained at a 
magnification of 100, and the degree of over- 


Stress, tons /s9. in, 


707 jaye 


Cycles. 


Mechined from — 


/-in. dia. bor. 
5-in. 3g. bar. 


seeeeees Articulated rod. 
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heating was graded from C to F as shown in 
Fig. E. In addition to the micro-examination 
of the test-pieces on completion of the tests, it 
was decided to carry out a macro-examination, 
which showed that the fatigue properties had not 
been affected by any transverse grain flow. The 
results of the fatigue tests are shown in Fig. C. 
From these stress-endurance curves it was possible 
to determine the endurance limits based on 
5 xX 107 cycles, with and without an overheated 
structure, and the values obtained are presented 
below : 


(1) Specimens not Overheated. 


Estimated Endurance 
: Limit on a Basis of 
Test-Pieces 5 x 10? Cyeles, tons/ Mean Value, 


Machined from— sq. in. tons/sq. in. 
l-in. dia. bar + 45-5 
5-in. square bar . +47-4 cts 


(2) Specimens Overheated (Machined from Articulated 
Rods). 
Estimated Endurance 


Limit on a Basis of 
5 x 107 Cycles, tons/ 


Approx. Decrease in 
Endurance Limit due 
to Overheated Struc- 


Grade of Overheating. sq. in. ture,* %. 
C é 3 : +443 4:5 
D : ; Z + 42-3 8-38 
Woatine : : + 39-1 15:8 
fF 5 ge 3 + 36-0 22-4 


* Calculated from the mean value of + 46:4 tons/sq. in. 
obtained for the specimens not overheated. 


Eleven sections were cut near to where burning 
was detected on the outside surface by the magna- 
flux examination, but no evidence of “ burning ” 
was detected at the commencement of the fatigue 
fracture on the specimens machined from these 
sections. This was no doubt due to the stressed 
section of the fatigue test-pieces being machined 
approximately 0-4 in. below the surface of the 
forging. The degree of overheating on the 
stressed section of these eleven test-pieces varied 


Test -pieces. 


ry 


Grade of overheating Number of 
ot stort of fracture. tests. 


Dio. of stressed 
section, in. 


0.275 
0-275 
0-/50 
“ 0/50 


0/50 
0/50 


Fria. C.—Results of Fatigue Tests (Reversed Bending Stresses) on a nickel—-chromium steel (S28) in the air-hardened 
and tempered condition. (Maximum tensile stress not less than 100 tons/sq. in.) 
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over grades C to F, and only two specimens had 
an overheated structure of grade H or F at the 
commencement of the fatigue fracture. There- 
fore the stress-endurance curves for these grades 
of overheating were only approximate but, as all 
the four specimens showed that this amount of 
overheating considerably reduced the fatigue 
properties, and, as previously stated, the tests 
were carried out to determine suitable standards for 
acceptance purposes, it was decided not to carry 
out any more tests, nor to try and obtain further 
results with grades # and F' of overheating. 

From an examination of the test-results it was 
observed that when the sections were cut away 
from the areas which revealed “‘ burning ”’ on the 
outside surface of the forging by the magnaflux 
examination, the grade of overheating at the 
commencement of the fatigue fractures was either 
Cor D. The stressed section of the fatigue speci- 
mens was machined from approximately the same 
position in the forging as the inside surface of 
the wrist-pin or gudgeon-pin eye of a finished- 
machined articulated rod, where the fatigue frac- 
tures usually occur. Therefore it appeared from 
these fatigue tests that, if articulated-rod forg- 
ings were magnafluxed prior to machining, and 
all rods which did not reveal “ burning ”’ were 
accepted, then it was possible for the finished- 
machined rods to have a grade D overheated 
structure inside the wrist-pin or gudgeon-pin eye, 
with a reduction in the fatigue properties of 
approximately 8-8%. 


Professor G. Wrstey Austin, O.B.E. (Cam- 
bridge University): May I congratulate each of 
the investigators on the new knowledge con- 
tributed to this very complex problem, and thank 
Dr. Sutton for the kind remarks he made about 
my own work? Actually it was not very good; 
but a problem was pressing and it had to be 
dealt with. I set myself three questions: (1) 
How could the defect be detected? (2) What 
was its effect on the mechanical properties ? 
(3) What was the actual nature or mechanism 
of the defect ? 

As regards the detection of the defect, a series 
of failures of pressure containers was encountered. 
The containers were under complex stress, two- 
dimensional tension, and when we examined the 
origin of the failure we found the faceted struc- 
ture, which we regarded as a factor contributing 
to the failure. The next question was whether 
we could find anything in the material or the 
microstructure which corresponded with the 
facets? I had a long talk with the late Dr. 
Dickinson. We discussed various reagents and 
he suggested that I should try a strongly acid 
reagent. Mr. Howarth actually proposed the 
reagent which, quite wrongly, has been called by 
my name. We etched many samples from the 
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origin of the fracture with this reagent and found 
polygonal grains outlined; we concluded that 
this outline corresponded with the facets observed 
in the fractures. We looked for other tests, 
because it was very difficult to decide whether to 
reject all material from the same casts; but we 
did not get very far. We attempted to examine 
turnings from the forgings, but had very little 
success with that. We never thought of the 
magnaflux method. If the magnaflux method 
detects this defect, surely there must be a dis- 
continuity. I think this fact may lead the 
investigation further. That was as far as we 
got with the detection of the defect. 

The next problem was the examination of the 
mechanical properties. I will briefly repeat what 
Professor Thompson has said. My own feeling 
about the load-extension curve is this: In a 
homogeneous steel in a longitudinal test, the 
necking continues for a very long way after the 
maximum load, so we get excellent figures for 
reduction of area and larger elongation because 
of the proportion of the total elongation that is 
due to necking. If there is any gross defect in 
the steel, or if we pass from a longitudinal test 
to a transverse test, the load-extension curve is 
arrested earlier. In the case of the burnt steels, 
as the burning increases, the load—extension curve 
is arrested earlier. This, I think, perhaps throws 
some light on the fatigue results. All sorts of 
formule have been proposed to correlate fatigue 
strength with tensile strength. First of all, the 
fatigue strength was expected to be half the 
maximum load, and then the yield pomt was 
brought into it. Some formule have been pro- 
posed in which the reduction of area is a factor. 
I think in this part of the test the stresses are 
very complex and any material which shows an 
earlier arrest of the tensile curve in this range is 
likely to show premature failure under combined 
stresses. Eventually there may thus be some 
connection between the earlier arrest of the load— 
extension curve and the fatigue results. If the 
burning is bad, maximum load is not reached, 
and if it is really bad the yield point even is not 
attained. 

As to the cause of the defect, I feel I cannot 
give any more information, but there is a great 
deal of new work in the papers. If the recent 
work on fatigue is correlated, I think a definite 
advance will be made on the servicibility of the 
material. As regards the cause of the defect, I 
feel I was perhaps quite wrong in attributing it 
to the melting of inclusions which flowed by 
capillarity round the existing boundaries at the 
time the defect occurred; that does not seem to 
be the opinion of any of the present investigators. 


Professor P. G. Bastien (Messrs. Schneider & 
Cie., Paris) : Dr. Jenkin has given a most interesting 
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review of the question, to which I should like to 
make a few additional remarks. 

In the case of defects which may arise in steel 
on exposure to high temperatures it is usual to 
distinguish between overheating (or excessive 
austenitic grain growth) and burning (or incipient 
fusion). However, in our opinion, this distinction 
simplifies the question too much, for there are 
various degrees of overheating and burning, and 
even a gradual transition between these stages 
seems to be possible, so that they are difficult to 
identify, and the conditions of the transitions 
between them cannot be readily established, since 
they depend on : 


(a) The chemical composition of the steel, 

(6) the homogeneity of the part (dendritic 
segregation being important—a point which 
has perhaps not been stressed sufficiently), 

(c) the temperature reached and the holding 
time at that temperature, and 

(d) the cooling rate after heating, which 
governs the influence of the heterogeneity 
developed when on decomposition of austenite 
the steel reaches a two-phase state (segregation 
of ferrite and cementite on cooling, especially 
in certain steels with inclusions). 


Regarding overheating it is possible to distinguish 
between : 


(a) Ordinary austenitic grain growth with a 
corresponding coarsening of the microstructure 
obtained on cooling; in this case restoration 
by refining-annealing (heating above the Ac, 
temperature followed by sufficiently rapid 
cooling) is not difficult. 

(b) Coarsening of the austenitic grains accom- 
panied by a modification of the cohesive pro- 
perties of the grain boundaries and the forma- 
tion of brittle fractures with large intercrystal- 
line facets; this is the type of overheating 
dealt with in the papers presented, and its 
elimination by heat-treatment of the part 
affected can be very difficult. 


Similarly, if one holds the view that burning 
may occur from the very beginning of fusion even 
of traces of metal—for instance, in the form of a 
liquid capillary film at certain grain boundaries— 
it is possible, according to Portevin,* to dis- 
tinguish the following degrees in the pheno- 
menon : 


(a) Incipient fusion and separation of the 
liquid rich in impurities and carbon; owing to 
the low rate of diffusion strings and islets of 
cementite are formed on cooling and brittleness 
arises; this brittleness can be reduced, at least 
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to a certain extent, by homogenizing and other 
restoring treatments. 

(b) Incipient fusion, separation of liquid con- 
taining impurities and carbon, and liberation 
of gases causing the formation of voids; this 
failure can be corrected to some extent only if 
one avails oneself of the possibility of forging 
the piece subsequently. 

(c) Incipient fusion as before but more pro- 
nounced and combined with intergranular 
loosening and oxidation in the grain boun- 
daries; this process is irreversible and no 
remedy is possible. In practice, by the way, 
this is usually the state described as “‘ burnt 
steel.”’ 


The transition between these various stages is 
gradual, and it is often difficult to distinguish, for 
instance, between the second degree of overheating 
and the first degree of burning. 

In the following we will consider only the type 


-of overheating which in steel correctly quenched 


and tempered is characterized by the formation 
of fractures with large facets, and I am summariz- 
ing the views based on cases experienced in 
practice as well as on overheating experiments 
devised and carried out at the Creusot works in 
France. Largely iff agreement with the con- 
clusions of the interesting papers presented 
to-day, we have found the following points : 


(1) This type of overheating is particularly 
well shown up by the formation of fractures 
with large facets in the notched-bar impact 
test, especially on testing in the transverse 
direction. . 

(2) The micro-examination is less conclusive 
and does sometimes not reveal anything—not 
even with special etching reagents on the nitric- 
acid or nitric-acid-plus sulphuric-acid basis (the 
use of which fairly frequently causes irregular 
and not very satisfactory results—especially 
when it is desired to reveal the grain boun- 
daries of the austenitic structure as prevailing 
at the moment of overheating. 

(3) In treated pieces this type of over- 
heating has little effect on the breaking strength 
and the elastic limit as found in the tensile 
test; but, on the other hand, it reduces the 
elongation at fracture and the impact strength 
in transverse tests. 

(4) The tendency of a steel to yield fractures 
with large facets on overheating is governed 
by its composition and its manufacture. The ° 
most typical cases encountered at the Creusot 
works were chromium-nickel-molybdenum steels 
produced in the acid electric furnace, so that 
we have arrived at the conclusion that these 


* A, Portevin, Aciers Spéciaux, Métauax et Alliages, 1932, vol. 7, pp. 242-256, 282-297, 318-328, 396-412; 1933 


vol. 8, pp. 2-18, 203-222, and 231. 
1946—i 


U 
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steels—which, incidentally, are particularly 
clean with regard to inclusions and are made up 
of austenite grains growing readily—are par- 
ticularly prone to this type of failure, which 
is in accordance with the conclusions of Mr. 
Preece and his colleagues. 

(5) It seems very likely to us that there is a 
relationship between overheated fractures 
with large facets and the austenitic grain 
growth during the holding at very high tem- 
peratures. 

(6) On the other hand, an effect of the rate 
of cooling—although to be expected since 
diffusion phenomena are involved—is not so 
clearly obvious. Incidentally, Mr. Goodrich 
indicates that comparatively rapid cooling in 
the upper critical zone is necessary for the 
development of the type of granular fracture in 
question, whilst Mr. Woolman and Mr. Kirkby 
are of the opinion that a high cooling rate tends 
to suppress the formation of facets. 


It would be most important to establish the 
effect of the rate of cooling; for this might throw 
light on the precipitation or the intergranular 
accumulation of an element or a phase at the 
temperature of overheating, 1.e., a heterogeneity 
which with rapid subsequent cooling would not 
have the time to become distributed more evenly. 

Finally, I should like to draw attention to the 
extraordinary perseverence of overheated frac- 
tures with facets, which is observed in certain 
cases. We observed this in a very pronounced 
form in forgings of two chromium -nickel-molyb- 
denum steels which had been produced in the 
electric furnace and had the following com- 
positions : 


vestige Fae Seca oe” ieee cat aan 
0-250 0-300 0-550 200 0-65 0-275 
0-300 0-300 0-550 3:00 1-00 0-275 


In transverse mechanical tests after heat-treat- 
ment consisting of quenching in water or oil with 
subsequent tempering at 650° C., we frequently 
obtained unsatisfactory values of the elongation, 
the reduction of area, and the impact strength, 
together with fractures showing large facets 
(Fig. F). Restoring treatments were tried on 
samples of steels presenting this type of fracture, 
the treatment consisting of reheating to a high 
temperature (1200°, 1150°, or 1025° C., depending 
on the individual case) and holding for 30 min., 
followed by air-cooling down to 200° C. and two 
or three more reheating treatments at inter- 
mediate temperatures before heating to the 
hardening temperature of 830° C. and tempering 
at 650° C. In no case did the homogenizing and 
restoring treatments, which usually are very 
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effective, cause the disappearance of the over- 
heating fractures. 

The micro-examination of test-pieces with 
fine, as well as those with coarse, fractures * 
did not reveal any differences, a normal sorbitic 
structure being obtained with the classical etching 
reagents (Fig. G), and with the special sulphuric 
acid and sulphuric-acid-plus-nitric-acid reagents 
a structure free from white spots, inhomogeneities, 
and grain boundaries (Figs. H and I). X-ray 
diffraction diagrams were not affected by the 
appearance of the fractures either. 

By heating above 1350° C. it has been found 
possible to produce on these steels fractures with 
large facets, the number as well as the dimensions 
of which increase with the holding time. 

In conclusion we might say that even though 
the phenomenon of overheating leading to faceted 
fractures is known in its essential features there 
are still many details to explore concerning the 
various physico-chemical mechanisms involved. 
In accordance with Mr. Merchant’s conclusions, 
we think that the development of more refined 
metallographic polishing and etching techniques 
allowing of the reliable identification at room 
temperature of the grain boundaries in the 
austenitic structure formed at high temperature 
would be most desirable. 

I wish to congratulate the authors of the 
papers presented to-day, which form an important 
contribution to a subject the. details of which 
are little known as yet. 


Mr. E. H. Bucknaut (The Mond Nickel Co., 
Ltd.): At a certain stage in our knowledge of 
fatigue failures it was quite common that those 
interested in the matter, but not perhaps well- 
informed, referred to metals as having crystal- 
lized, because of the characteristics of the failure. 
I wonder whether at the present time we are not 
too eager to associate the faceted appearance of a 
fracture with a supposed intercrystalline course 
of the cracking. Although I have probably seen 
fewer examples than many people here, I am quite 
certain that I have seen examples where the 
faceted structure was on at least five to ten times 
the scale of the actual austenite grain-size and 
have noticed cases where the cracking was by no 
means always intercrystalline. I feel that Messrs. 
Woolman and Kirkby must have had the same 
experience, because in their concluding remarks 
they say : 


“Further, this constituent is already present 
in steels as cast, and with a sufficiently high 
temperature and a correct rate of cooling, a 
critical concentration of the constituent is pre- 
cipitated at the austenite boundaries existing 


* The overheated test-pieces were subjected to a complete heat-treatment after overheating, in that they were 
reheated to 850° C. and air-cooled, followed by oil-quenching from 830° C. and tempering at 650° C. 
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at that temperature. This concentration results 
mM a series of interruptions of the crack induced 
in the usual nicked-fracture test, giving rise to 


the well-known appearance of the faceted 
fracture.” 


Messrs. Woolman and Kirkby then go on to 
hypothesize on the nature of precipitate respon- 
sible. I find it rather difficult to put myself into 
a frame of mind where I am prepared to throw on 
one side what seems to me to be the obvious 
explanation—that overheating is produced as 
soon as that temperature range is entered in 
which 6 ferrite begins to appear. It is, of course, 
more than possible that Messrs. Woolman and 
Kirkby have unpublished information at their 
disposal with regard to the location of that tem- 
perature for the more complex types of low-alloy 
steels. If they have such information, I think 
we should plead with them for its publication. 
If no such information is available, we should 
press forward as energetically as possible to get 
that type of information. 

When precipitation of 6 ferrite commences, 
one may well have general precipitation within 
the grains, but there would be a preferential pre- 
cipitation round the grains, giving rise to an 
impoverished boundary area, which would give 
the etching characteristics mentioned by several 
of the authors. Superimposed on this, I feel one 
has to have a second stage, in which either the 
residual material in the body of the grains or 
the impoverished zone round the grain boun- 
daries is greatly impaired in its impact properties. 
Mr. Goodrich draws attention to the fact that 
tempering has to be above 400° C. to give rise 
to the faceted structure, and the results of Mr. 
Preece and his colleagues confirm that, except 
in the case of the steel of highest molybdenum 
content examined. It seems that we are dealing 
here with something akin either to the Izod 
trough or to temper-brittleness in one or other 
of the segregated areas developed in the steel at 
the overheating temperature. According to this 
view, the effects of slow cooling are, first, partial 
homogenization of that heterogeneous structure, 
and, later. on, a tendency towards reduction of 
the impact properties of the structure as left 
after the first cooling stage. 

Professor Thompson and Professor Wesley 
Austin have referred to the desirability of obtain- 
ing the true stress-strain curve of overheated 
material. I am inclined to feel, however, that 
unless overheating is absolutely general, it is a 
physical impossibility to determine the true 
breaking strain of affected material, because, 
where overheating is not absolutely general, there 
will inevitably be some areas of premature frac- 
ture within the area of a test-piece; this will 
affect the axial conditions of loading, and in any 
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case reduce the actual area bearing the strain 
below the measured cross-sectional area of the 
test-piece. 

The recent work of Professor Thompson and 
Professor Stanton has interested me a great deal. 
I am somewhat surprised to find them on this 
occasion leaving the question of the movement 
of the S curve by the burning treatment rather at 
the stage of a hypothesis. I feel that they could 
have resolved the matter completely by examin- 
ing a second steel with an alloy content rendering 
it sufficiently slow transforming to enable them 
to record fully its transformation characteristics 
in the dilatometer instead of relying on inference 
from structures arising from transformation which 
had occurred above the quenching-bath tem- 
perature. 


Mr. J. D. Larra (Scottish Stamping & Engin- 
eering Co., Ltd.): I do not know very much 
about the overheating of steel but I do know 
that it affects the drop-forgings I have to make. 

I have read through these papers with great 
interest and I appreciate the great amount of 
technical work involved, but it does seem to me 
that no solution from the drop-forger’s point of 
view has been found. It is still not possible to 
determine accurately whether or not a forging is 
overheated. 

I know that Professor Wesley Austin and other 
experts agree with me when I say that it is not 
really possible to know whether or not a forging 
is overheated without internally destroying it: 
In this present age it should be possible by some 
means or another to determine accurately whether 
or not a forging is overheated to a detrimental 
extent without destroying it, and I can only hope 
that all you gentlemen, particularly those who 
wrote these papers, will persevere with your 
experiments until eventually a testing process is 
evolved which will enable us to rapidly and 
economically test our forgings with 100% accuracy. 

When I read these papers my ideas were con- 
firmed that the actual overheating could happen 
to the steel in various stages. A drop-forger 
could fairly easily overheat thoroughly a piece of 
steel in a forging furnace. He could even do it 
in a furnace with automatic temperature control, 
simply because the steel was in a particular state 
when it came into the drop-forge and was very - 
susceptible to overheating. I am not really com- 
petent to go very deeply into the reasons for this 
but I am interested in encouraging, if possible, 
some system of inspection-testing that will enable 
the drop-forger to be sure that the forgings he 
sends out are in perfect condition. 

I listened with interest to Mr. Hinde’s experi- 
ences with connecting rods, and I was interested 
to hear that one component—not a connecting 
rod—taken from an engine, that had done some 
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240 hr. had been found to be badly overheated 
when tested by the fracture test, and in such a 
condition that, if it had been discovered before, 
it would not have been allowed to go into the 
engine; yet it had given good service in this 
engine. This convinces me that we do not really 
know very much yet about non-destructive tests 
for overheating. 


Dr. H. O’Neiu (London, Midland and Scottish 
Railway Co.) : I would like to revive the nitrogen 
bogey—though Professor Thompson has fore- 
stalled me. I think the evidence contained in 
the papers, particularly those of Mr. Preece 
(p. 246P and Table III.) and Mr. Woolman 
(Table II. and p. 277), indicates that burning 
depends on, or is associated with, the nitrogen 
content; the lower the nitrogen content, the less 
the liability to overheating or burning. I am, 
therefore, surprised by the statement on p. 246 P 
of Mr. Preece’s paper that no relationship is 
apparent between nitrogen content and over- 
heating temperature. 

In connection with grain-growth studies of 
steel, British metallurgists always seem to have 
been pre-occupied with oxygen, whereas most of 
the German metallurgists have attached import- 
ance to nitrogen. Houdremont, in particular, 
considers that the grain-boundary-restriction 
effect is associated with a constituent high in 
nitrogen. It was that fact which made me look 
into these papers for any evidence for nitrogen 
and I think that it is there. 

In my own work I have chiefly met overheating 
and burning effects in connection with the flash 
welding of low-carbon steels. The evidence in 
the papers shows that the trouble may vary from 
cast to cast, and the supervisors in one of our 
flash-welding shops have reached the same con- 
clusion. They have devised a test whereby the 
bars of mild steel—always of the open-hearth 
variety—are flash welded and then rapidly bent 
whilst in the hot condition. The workmen say 
that in this way they can differentiate between 
casts of steel. Welds of low strength sometimes 
reveal a very slight burning effect to one side of 
the plane of welding. I therefore hope that some 
attention will be devoted to plain carbon steels 
in future, for the present papers are chiefly 
- devoted to high-alloy steels. 

On p. 253 P of his paper Mr. Preece mentions 
that he has difficulty in making hardness tests at 
the grain boundaries. I suggest that if tests by 
““ micro-indentation ” with a 50-g. load can be 
made on some of the boundary fracture facets he 
may be able to confirm or refute the indications 
of boundary hardness which he mentions. Finally, 
from the steel purchaser’s point of view, as dis- 
tinct from that of the steelmaker, I must. confess 
there is a delightful vagueness about the present 
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papers and about the terms “ overheating ” and 


“ burning.” 


Dr. G. B. WarerHouse (Professor Emeritus of 
the Massachusetts Institute of Technology) : 
Early in February I was in Cleveland, Ohio, 
where we had the first Convention of the American 
Society for Metals since the war started. At that 
Convention a very interesting paper was pre- 
sented by Messrs. Jominy and Strohm. Jominy, _ 
who is known to all of you by name, is connected 
with the Chrysler Research Laboratories and is 
interested in the manufacture of drop-forgings. 
Strohm at that time was with the Timkin Com-. 
pany of Ohio, who are makers of high-grade 
steels. Those gentlemen presented a paper on 
this subject, and J am rather surprised that none 
of the authors of these papers has mentioned it. 
However, perhaps there has not been time for the 
paper to get here. I hope that all the authors 
will read that very interesting paper by Jominy 
and Strohm on this subject of the facets found in 
tests from drop-forgings made from certain steels. 
My recollection is a little hazy, but I think the 
main emphasis was on the prevention of that type 
of failure. J think they found that by very care- 
ful regulation of the soaking-pit temperatures, in 
the first place, then, later on, of the rolling tem- 
peratures, and, later on still, of the forging tem- 
peratures, this type of failure could very largely 
by prevented. I must admit that, to my recol- 
lection, they did not go into the question of 
whether it was caused by nitrogen, the separation 
of gases, or similar things, but I remember very 
clearly that they were very sure that by careful 
temperature regulation this type of failure could 
very largely be prevented. 

Professor Bastien and I think a good deal alike. 
I think that when you get up beyond the zone of 
the solidus you get into the zone of burning; you 
get incipient fusion and there is nothing much 
you can do about it. The steel has been ruined 
and should be scrapped. On the other hand, 
until you get beyond the solidus line, you are 
still within the range of overheating, and then, 
by careful heat-treatment, you can do away with 
the bad effect that has been produced. That 
does not seem to be in accordance with the 
teaching of these various papers. I rather think 
these authors feel that the overheating has 
caused some action at the grain boundaries which 
cannot be overcome by subsequent heat-treat- 
ment, but, as I have not yet had time to study 
the papers with care, I may be wrong in that. 


Mr. H. A. Wurrevtey (Messrs. Faulkners, Ltd., 
Colnbrook, Bucks): I was associated with Mr. 
Merchant in the early stages of the work, which 
started in 1941, largely as a result of very con- 
siderable rejections for what at that time we 
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considered were not legitimate reasons. Subse- 
quently, we were partly converted, but I do not 
think that all drop-forgers are wholly converted 
even now. 

I congratulate the authors on lighting up 
some very dark places in this problem of over- 
heating. The phenomenon of overheating has 
been with us, to my certain knowledge, since 
about 1920. It lapsed somewhat in the period 
between the wars but it reappeared in about 1941, 
and to those associated with inspection and 
metallurgical control its rapid appearance and 
disappearance in a works is a serious problem. 
Unfortunately, owing to the pressure of war 
conditions, drop-forgers have had very little time 
to do anything but scratch the surface of the 
problem. That is what Mr. Merchant started to 
do in 1941, fully realizing that owing to the 
shortage of skilled metallurgical observers and 
workers we should not travel far along the road. 
Nevertheless, this group of papers does represent 
a very notable advance, and I hope that the 
problem will not be put back into cold storage 
now the war is over, as it was after the last war. 
In any case, I do not think the engineers will 
allow us to do that, because they demand ever- 
increasing physical properties and ever-increasing 
reliability from the forgings we produce. 

As a drop-forger, I rejoice in the large measure 
of agreement which the papers show on certain 
points, and I feel sure we shall get more agree- 
ment when the various investigators return and 
consider the points which have been brought for- 
. ward by Dr. Jenkin and other contributors to 
the discussion. Especially am I impressed by 
the idea of suppressing or removing the appear- 
ance of overheating by slow cooling from high 
“temperatures. I have experiments in hand to 
see how far it is reproducible in works practice. 
We await, from Mr. Preece and his fellow inves- 
tigators, the results of slow cooling on the physical 
properties after more considerable degrees of 
overheating than we have had described so far. 
I personally would like to see more evidence of 
the influence on the fatigue values. 

At the same time I should like to draw atten- 
tion to the fact that, although at present over- 
heating is detected by means of fracture tests, the 
attachment of fracture test-pieces to forgings is a 
matter calling for the closest co-operation between 
the drop-forger and the customer. As has been 
pointed out, the test-piece may be satisfactory 
whereas the forging may be overheated. Non- 
destructive tests are required, but the only such 
test at the moment is the “‘ crozzling ” referred 
to in Mr. Merchant’s paper. Firms select drop- 
forgings for acceptability or rejection, at the 
moment, mainly on the first operation of pickling 
in boiling hydrochloric acid which produces this 
“ erozzling ”’ on the skin. It is appreciated both 
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by inspection departments and by the drop- 
forgers that this is not conclusive, but that so 
far it is the only non-destructive test we have on 
raw forgings. When the forgings are machined, 
wecan apply magnetic methods but those methods, 
I think, only reveal burning and will not detect 
overheating. 

I agree about the rapidity of grain growth. 
From my own experiments, it is extremely rapid. 

As regards standard fractures, under the stress 
of war conditions we had to provide some guide 
to the people who judged the fractures. They 
were not fully trained metallurgists; indeed, 
some of them had no metallurgical experience at 
all. Therefore we provided them with a set of 
six or eight fractures as guides. Although we 
subsequently found that the standards did not 
agree for each cast of steel, the results were, in 
the main, satisfactory. 

With regard to oxide films, of the large number 
examined quite enough were coloured to make 
Merchant and myself say that coloured oxide 
films occur on certain fractures. 

I also agree that a furnace with a turbulent 
atmosphere may have local hot spots which can- 
not readily be detected. That point will have 
to be watched very carefully by drop-forgers. 

With regard to the paper by Jominy and 
Strohm, I think it is true to say that their 
remarks and observations do not altogether 
coincide with those we have had presented to us 
in the present papers. 


Mr. W. E. Coorsr (The Fairey Aviation Co., 
Ltd., Hayes, Middlesex): This subject was of 
considerable concern to me some years ago when, 
as Chairman of the War Materials Committee of 
the aircraft industry, I was involved in the serious 
outbreak of overheating and burning of steel forg- 
ings, which may have lead to serious consequences 
in the war period if it had not been checked. 
Together with my colleagues both in the industry 
and in the Ministry of Aircraft Production, I had 
to recruit available assistance from drop-forgers 
and steelmakers, through the Iron and Steel 
Control organization. Several aircraft firms ener- 
getically conducted investigations to assist the 
immediate situation, and large-scale fracture and 
etch tests were carried out on tens of thousands 
of components; while for certain drop-stampings 
a maximum forging temperature of 1250° C. had 
to be stipulated. The steelmakers, through the 
Technical Advisory Committee, were unable to 
accede to our request for recommended maximum 
forging temperatures for our aircraft steels, an 
inability which frankly surprised most of us, in 
view of the fact that American standard refer- 
ences contained recommendations on tempera- 
ture ranges. In any case, temperature control of 
forging furnaces would have taken a considerable 
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time to effect. Subsequently, at a meeting of a 
Joint Central Advisory Committee that was set 
up, the steel industry undertook to have the 
subject thoroughly investigated to produce definite 
practical recommendations for the benefit of both 
drop-forgers and aircraft firms. 

When, therefore, it was recently announced 
that a general discussion on overheating of steel 
was to be held, one looked forward to acquiring 
some material advance in useful knowledge, 
which might have been obtained in the last four 
years. Perusal of the papers submitted revealed 
(excepting that by Preece and his co-workers) 
that there was nothing new of practical value or 
application to comfort or assist those affected by 
- the 1942-43 epidemic of overheating and burning 
of drop-forgings. Very much of the general 
knowledge repeated in the present contributions 
was well known to those closely connected with 
the affected aircraft forgings in 1942 and one was 
inclined to ask: “‘ Why this premature display ? ”’ 
Certainly, one paper shows that a start had been 
made to pursue fundamental causes and effects, 
but here again only a “ progress report’ could 
be presented. It was now very interesting to 
infer from Preece’s paper that temperature was 
the main factor; and that furnace atmosphere 
was not influential, thus disposing of one of the 
factors put forward by the steelmakers four 
years ago. Surely, a symposium on this im- 
portant subject should have been deferred to a 
later date, when the fabrication and user indus- 
tries could have acquired some practical benefit 
and solution to their problems. 


Most of the papers indicated : 


That overheating and burning was a tran- 
sitional phenomenon, accompanied by micro- 
structural effects, peculiarly revealed by the 
H,SO,-HNO, etch, and by gradual changes in 
the fracture appearance. 


That mechanical properties were progres- 
sively affected, particularly impact and duc- 
tility; and that early stages of overheating 
could be eliminated by thermal treatment, 
later stages by hot-working only and, finally, 
really burned steel was unrestorable. 


THat electric-furnace steel appeared more 
susceptible to overheating than open-hearth 
grades; and that generally speaking with many 
steels the trouble appeared to commence 
above a temperature of 1250° C. 


From our aircraft-industry reports available in 
1942, all these and much other data were available, 
but in Sheffield we were assured that this subject 
was extremely involved, necessitating the steel- 
' makers’ specialistic researches to provide the 
practical solution to the problem for both drop- 
forgers and aircraft firms. Four years have 
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elapsed since the troubles and we are now pre- 
sented with what is largely a repetition of 1942 
aircraft-industry knowledge. 


Dr. W. J. WrazeEs (Imperial College of Science 
and Technology, London): The results reported 
by the various authors are very interesting and 
I am convinced that they will be of great value 
in practice. The features described are not 
unfamiliar to me; in 1939 I submitted a note to 
Hutnik (the Polish metallurgical journal) on the 
results I had obtained with steels of similar com- 
positions used for aircraft parts (connecting rods). 
Owing to the outbreak of the war this could not 
be published. 

As demanded by the inspection authorities, 
each of these connecting rods was provided with 
a square end-piece for impact testing as well as 
fracture examination. In the beginning the types 
of fracture shown by the authors were frequently 
observed. Since the coarse-grained structure 
obtained was thought to be due ‘to overheating, 
great care was subsequently taken not to exceed 
a temperature of 1200° C. However, despite 
this precaution the formation of a coarse-grained 
structure could not always be prevented. 

As is well known, a critical degree of forging or 
critical heating, or even forging quite lightly in 
the critical temperature range, may cause exces- 
sive grain growth in soft steels; and, accordingly, 
the failures could be avoided by choosing a suit- 
able heating and forging technique. The attempt 
was also made to apply a second heat-treatment 
after normalizing at over 1000° C. In this way 
failures were avoided and the appearance of the 
fractures improved, the previous transcrystalline 
or intercrystalline facets (more frequently the 
latter) being no longer visible. cf 

From a specimen the fracture of which showed 
intercrystalline facets two flat samples were cut 
of a thickness of about 2 mm., 7.e., a thickness 
not exceeding the grain-size. These samples were 
used for determining the tensile strength. It 
might have been expected that the material would 
break down into separate grains on slight exten- 
sion; however, this did not happen and the 
individual grains could not even be recognized 
on a polished surface after extension, which leads 
to the assumption that the grain boundaries were 
strong and that the coarsening of the grains could 
not be due merely to overheating. 

As far as I remember, the minimum tensile 
strength demanded in our case was 110 kg./sq. mm. 
One of the samples tested was extended until it 
fractured (the fracture being perfectly fibrous), 
and the second until necking was observed. In 
both cases the ultimate strength was in perfect 
accordance with that demanded. 

Since I did not carry out any specific over- 
heating tests—as done by the authors in such a 
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Fic. Dia).—Grade A. 


(c).—Grade C. 
Fic. D.—Typical Microstructures taken from commencement of fatigue, showing structures overheated to grades A to C. 
sulphuric acid. x 100. (See P. Frith’s contribution.) 


Etched with nitro- 
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Fic. E(a).—Gra : Fic. E(b).—Grade D. Fic. E(c).—Grade E. Fic. E(d).—Grade F. 
Fic. E.—Typical Microstructures taken from commencement of fatigue fracture, showing structures overheated to grades C to I’. 


Etched with 
nitro-sulphuric acid. x 100. (See P. lrith’s contribution.) 


Impact strength, kg.m./sq.cm. 


(3) (b) (ce) (d) 


Fractures of Impact Test-Pieces of acid-electric chromium—nickel-molybdenum steel, ranging from very large 
facets (a) to a fine structure (d). (See P. G. Bastien’s contribution.) 
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Fic. I.—Etched with nitro-sulphuric acid 
reagent (10% sulphuric acid + 10% 
nitric acid). x 2265. 


Fic. G.—Etched with 5% alcoholic picric 
acid. x 450. 


Fics. G to I.—Micrographs of the sample shown in Fig. F(a). (See P. G. Bastien’s contribution.) 


Fic. J.—Sample A. Fic. K.—Sample B. 


Fies. J and K.—Microstructures of Overheated Samples, showing the white network revealed when etched with nitro-sulphuric acid reagent. x 500. 
(See A. J. K. Honeyman’s contribution.) 
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Fic. L.—Fractured Sample taken from the centre of a large, heat-treated Fic. M.—Fractured Surface of a coarse ‘grained, laboratory casting after 
34% nickel-chromium—molybdenum steel casting, showing coarse, nickel-plating, showing the nature of the fracture to be partly inter- 
faceted appearance. x 3. crystalline and partly transcrystalline, x 60 

(See H. Evans’ contribution.) 
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Fic. N.—Drill Rod Sample heated to 2500°F. in air, air- Fic. O.—Same Field as in Fig. N, repolished and re-etched 
cooled, reheated above Ar,, quenched, and tempered at in the electrolytic phosphoric-acid etch. Intergranular 
800° F. No indication of overheating. Nitaletch. x 100. overheated-grain pattern apparent. x 100. 


Fic. P.—NE 8735 Steel heated at 2600° F. in air for 5 min., Fic. Q.—Same Sample as in Fig. P, air-cooled from 2600° F.; 
oil-quenched, reheated above Ar,, quenched, and tempered subsequent heat-treatment the same as for Fig. P. 
at 900° F. Electrolytic phosphoric-acid etch. x 100, Electrolytic phosphoric-acid etch. x 100. 
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Fic. R.—Same Sample as in Figs. P and Q, furnace-cooled Fic. S.—Pressure-Weld Sample deliberately overheated to 
from 26)0° F. Subsequent heat-treatment same as for produce overheated pattern as well as to show weld- 
other two. Electrolytic phosphoric-acid etch. x 100. plane; reheated in air at 2530° F., air-cooled, reheated 

above Ar,, quenched and tempered. Electrolytic phos- 
phoric-acid etch. x 100. 


(See L. Fine’s contribution.) 


(Micrographs reduced to three-quarters linear in reproduction.) : 
[Correspondence on Overheating. 
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Fic. I.—Same Sample as in Fig. S, furnace-cooled from 
2530° F. Subsequent treatment and etch same as for 


Fig. S. Note improvement in weld quality and dis- 
appearance of grain-boundary attack. 


x 100; 
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Fic. V.—NE 8735 Steel heated in air at 2700° F., air-cooled, 
reheated above Ar,, quenched and tempered. Light inter- 
granular pattern. Note general porous condition. Nital 
etch. x 100. 


Fic. U.—Medium-Carbon Low-Alloy Steel heated to 2600° F., 


PLATE XX D. 


54 


De a * 


air-cooled. Appears to be partially overheated and 
partially burned (presence of large voids). Electrolytic 
phosphoric-acid etch. x 100. 
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Fic. W.—Same Area as in Fig. V, re-etched in alkaline 
chromate solution x 100. 
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I'1Gc. X.—NE 8735 Steel heated in hydrogen at 2740° F. As- 
polished surface shows intergranular pattern of inclusions. 
Inclusions, checked according to procedure recommended 
in the American Society for Metals Handbook, appeared 
to be manganese sulphide. Other portions of specimen 
showed typical shrink areas and porosity. x 100. 


(See L. Fine’s contribution.) 
(Micrographs reduced to three-quarters linear in reproduction.) 
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OVERHEATING AND BURNING 


comprehensive way—I am not certain whether 
my opinion that it is essential to avoid a critical 
degree of forging and heating is quite justified. 
I should be very much interested to learn the 
authors’ views on this matter. These causes of 
grain-coarsening would seem to be somewhat out 
of control, whilst overheating of steel parts can 
easily be avoided. My opinion on this subject 
might be summarized in the old rule of the black- 
smith: ‘Do not heat unless you are going to 
forge adequately.” 

I am greatly interested in Professor Thompson 
and Professor Stanton’s views on theeffect of oxygen 
on the tendency to burning. Iam aware, of course, 
that it is very difficult to carry out accurate 
determinations of oxygen in such small regions 
as those exposed to the flame of an oxy-acetylene 
torch, but wonder whether the authors succeeded 
in determining the oxygen contents of their speci- 
mens. If so, I should be very much interested 
in their results, and should like to compare them 
with those obtained by Rapatz and myself.* 


The Prestipent (Dr. C. H. Desch, F.R.S.): 
Not only the papers which we have had to-day, 
but many research papers which we have had in 
recent times, have shown the enormous import- 
ance of the grain boundary as compared with the 
general mass of the metal. It is quite obvious 
that new techniques will be necessary there. 
Professor Thompson suggested that the solubility 
of certain of these impurities will be higher in 
the grain boundary than in the mass of the 
metal, and I think that is bound to be the case. 
That will happen if the dissolved impurity lowers 
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the surface tension of the metal. We have very 
few direct measurements of surface tension of 
steels, but from experiments on other metals we 
do know that in general dissolved impurities do 
lower the surface tension and they become, there- 
fore, concentrated in the grain boundary. Of 
course, that concentration may not be such as 
can be detected by ordinary microscopical means, 
especially when one uses mechanical methods of 
preparing the surface. The smearing over of the 
grain boundary—a very fine boundary—masks 
any defect that might otherwise be observed. 
With the new technique that has been developed 
in France recently of electrolytic polishing one 
should have a better opportunity of using high- 
power magnification on the grain-boundary 
material. If one could go a step further and 
apply the technique of the electron microscope— 
which, I think, will become much more general— 
it should be possible to learn something more 
about boundaries. 

There is one thing which has struck me in the 
few examinations I have made of materials of 
this kind. There are some of these faceted struc- 
tures on which there is said to be no sign of 
melting. That, I think, is partly due to the use 
of only one method of illumination under the 
microscope. I remember one specimen in which, 
when examined under vertical illumination, there 
would not have been suspected to have been the 
least melting at the grain boundary but which, 
when examined under conical illumination, showed 
clear signs of melting—the flow lines could be 
seen on the surface, which might easily be over- 
looked in the course of the ordinary examination. 


JOINT CORRESPONDENCE. 
(Figs. J to X = Plates XXs. to XXD.) 


Mr. R. Wuitrretp (Incandescent Heat Co., 
Ltd., Smethwick, Birmingham) wrote: The 
papers are very worthy of study in spite of the 
fact that the subject has proved more difficult 
than anticipated, resulting in the subject being 
left unsolved; but many leading points are worth 
following up and whatever the success finally 
achieved, tribute must be paid to the authors of 
these papers for their share towards the solution. 

Until recently lecturers in iron and _ steel 
metallurgy told students about the ‘“ burning 
zone”’—that area on the iron-carbon equi- 
librium diagram embraced by the solidus and 
liquidus—and that material heated into this area 
is spoilt beyond repair except by remelting the 


scrap thus formed. Is this statement still true ? 
It is somewhat difficult to determine correctly the 
actual temperature at which the forging is used. 
It is not easy to see that because the same 
phenomena was found under vacuum conditions 
that atmosphere has no influence. A “neutral ” 
atmosphere is still quoted as possible whereas, 
from the combustion of any fuel, such an atmo- 
sphere is impossible. The atmosphere must be 
oxidizing or reducing, coupled with the possibility 
of carburizing or decarburizing in either direc- 
tion: It must be remembered that CO, and N, 
are active decarburizing agents in the presence of 
superheated steam which must be created from 
the combustion of any normal fuel. What are the 


* F. Rapatz, Zeitschrift fiir Metallkunde, 1929, vol. 21, pp. 89-92. F. Rapatz and W. J. Wrazej, Hutnik, 1937, 


vol. 9, No. 1, pp. 5-12. 
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relations between ‘ burning ”’ and either of the 
above combinations? In any furnace it is possible 
to produce desirable conditions so that the scaling 
and decarburizing are balanced. It is not always 
realized that decarburization is generally more 
damaging than scaling, especially at temperatures 
tending towards overheating and/or burning. 

A great difficulty occurs when nascent elements 
and/or compounds persist in the reactions; these 
behave very differently from such when they are 
stabilized. Another difficult factor is that gases 
under partial-pressure conditions behave differ- 
ently from those under atmospheric or higher 
pressures. : 

However, the important query here is: What 
is the minimum damage done by keeping clear of 
the so-called “ burning zone? ”’ 


Mr. G. MEIKLE (Ministry of Supply) wrote: 
These papers are a most useful contribution 
towards a better understanding of a practical 
problem which is most annoying when encoun- 
tered. One of the main difficulties is apparently 
to decide exactly when a steel is overheated, and 
it seems obvious that microscopical examination 
must be the criterion. Even then, there is a 
degree of uncertainty and different results may 
be obtained by using different etchants, although 
the nitro-sulphuric reagent apparently gives the 
best results. Since there is a strong suggestion 
that the overheating temperature is connected with 
oxygen content, it would be of interest to know 
if Mr. Preece and his collaborators, or any of 
the other investigators, have tried the alkaline 
chromate reagent described in a recent paper.* 
This reagent seems to have a startling effect in 
revealing areas rich in oxygen and so its use in 
overheating experiments would probably be most 
useful. 

Mr. Preece and his collaborators rightly point 
out that the most important property to be con- 
sidered in an overheated steel is the fatigue 
strength and, as this is of supreme practical 
importance, I should like to appeal for early 
publication of any available information on the 
effect of overheating on fatigue strength. 


Dr. A. L. Norsury (Ministry of Supply, Bir- 
mingham) wrote: I have read the paper by Mr. 
Preece and his colleagues with much interest, 
and have noticed that the two steels (Nos. 35 
and 46) which were exceptions to the general 
relationship in Fig. 6, would have been “‘ burnt ” 


on account of their high carbon contents (plus a 


high silicon content in the case of No. 46) at the 
incipient overheating temperatures recorded. 
The two exceptions consequently disappear from 
Fig. 6 and the relationship shown therein becomes 
more noteworthy. 
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Mr. G. Burns (Admiralty Engineering Labora- 
tory, West Drayton, Middlesex) wrote: In 
Table I. of the paper by Mr. Preece and his co- 
workers there appear to be a few steels in which 
the overheated structure was not developed, 
under the conditions of test employed, at any 
temperature below that at which burning occurred. 
This would seem to imply that these steels are 
immune to the phenomenon of overheating; if 
this implication can be confirmed as being fact 
the steels in question become of considerable 
importance in demonstrating that steels can be 
made which are, firstly, immune to overheating 
and, secondly, presumably devoid, or nearly 
devoid, of the constituent or constituents that 
produce the characteristic overheated structure 
by their diffusion during cooling from the over- 
heating temperature. 

However, before these steels are accepted as 
being immune to overheating, it would seem 
necessary to examine them more fully to confirm 
that they will not under any circumstances 
develop an overheated structure. For instance, 
it would be advisable to check that they will not 
develop the overheated structure if cooled through 
the appropriate temperature range at rates other 
than that used by the authors in the main part 
of their work. There is an apparent discrepancy 
between the findings of Mr. Preece and his co- 
workers, on the one hand, and those of Messrs. 
Woolman and Kirkby, on the other, as to the cooling 
rates at which the overheated structure can be de- 
veloped, and it would seem that further examina- 
tion of this point might be worth while. Further, 
the writer has observed a dark-etching network 
developed by the nitro-sulphuric reagent in steels 
flash-welded in small sections which, owing to 
conduction to the water-cooled clamps, had cooled 
from the welding temperature at a rate fast 
enough to cause hardening not much less than 
would have been developed by oil-quenching ; 
this observation would suggest that in some cir- 
cumstances an overheated structure can be 
developed during cooling at a much faster rate 
than that used by the authors. — 

Unless a range of constituents is involved in 
the susceptibility of steels to overheating it is 
difficult to see why the minimum temperature 
required to develop the phenomenon should vary 
so widely, even among steels of closely similar 
composition, and it may be pertinent to enquire 
whether this variation is in fact as wide as it 
appears, or whether the variation found in this 
work is in part due to the use of an approximately 
constant cooling rate for all the steels. The use 
of gradient cooling, covering as wide a range of 
cooling rates as possible in one bar, would seem a 
suitable method of attack on this question. 

In view of the fact that cooling rate through 


* L. Fine, Metal Progress, 1946, vol. 49, No. 1, p. 108. 
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the overheating range is a factor in determining 
whether the characteristic structure and behaviour 
are developed or not, it may be worth while 
recalling that Dr. Whiteley, in his work on 
austenite grain growth, found that the cooling 
rate through approximately the same temperature 
range had a marked effect on the grain-growth 
characteristics of a steel during subsequent 
heating. Comparison of the grain-growth charac- 
teristics of a sample of steel in which the over- 
heated structure has been developed with those 
of a sample heated to the same temperature but 
so cooled that the overheated structure is not 
developed, might provide some useful information. 

The statement that the authors are continuing 
the investigation is welcome, for at the present 
stage of the work the phenomenon, though more 
clearly defined, seems to have become more 
elusive than ever. 


Mr. H. W. Krrrey (The Brown-Firth Research 
Laboratories, Sheffield) wrote: I would like 
Professor Thompson and Dr. Stanton to consider 
whether there might be another explanation for the 
displacement of the S curve than the one put for- 
ward in their paper. In effect, they consider that 
dissolved oxygen has reduced the hardenability 
(displacement of the S curve to the left), the dis- 
solved oxygen being introduced by the localized 
burning. Heating a piece of steel to near fusion 
temperatures is, however, a complex affair and 
not nearly as simple as the paper would have 
one believe. In this respect, I would refer to a 
paper by Whiteley * which, among other things, 
dealt with the grain-growth characteristics of a 
0-45% carbon steel as affected by the rate of 
cooling from high temperatures. He showed that 
a steel having an inherently coarse-grain character 
could be modified by heat-treatment such that 
the same steel acquired inherently fine-grain 
characteristics. 

Briefly, Whiteley showed that by heating to a 
temperature of 1250° C. and above, and cooling 
at a fairly fast rate (air-cooling) the material 
(which had inherently coarse-grained properties) 
when reheated subsequently to 930° C. showed 
fine-grain characteristics. Increase in the initial 
heating temperature above 1250° C. resulted in a 
progressive retardation of grain growth when 
reheated at 930° C. He also found that this 
retardation effect was a function of the cooling 
rate from the initial high temperature : 


Conditions of heating : 15 min. at 1390° C. and 30 
min. at 930° C. 


Rate of Cooling. QGrain-Size Characteristics. 

Fast Fine (1500 grains in 10 sq. in. at 
100 magnifications). 

Slow . Coarse (19 grains in 10 sq. in. at 


100 magnifications). 


ment. 
referred to is liable to wide variations, some 
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The writer tried this out in an acid open- 
hearth cast of 0-40°% carbon steel some time ago 
by heating two samples to 1375° C. for 4 hr., 
furnace-cooling one to 1100° C., then air-cooling 
and water-quenching the other. Both samples 
were then heated to 930° C. for 4 hr. and air- 
cooled. Subsequent micro-examination con- 
firmed Whiteley’s work in that the slowly cooled 
specimen was coarse-grained, whilst the water- 
quenched sample appeared to have a very fine 
grain, although whether the effect produced in 
the water-quenched sample was the true grain- 
size is a matter which has still to be determined. 
Nevertheless, the samples in question did indicate 
that the austenitic-breakdown characteristics of 
the steel in the two conditions differed widely. 
A further and very important point was that 
neither sample showed any evidence of oxide 
boundary films. 

The point which all this is leading to is that 
with such a difference in grain-size (or, alter- 
natively, the breakdown characteristics) differ- 
ences in hardenability might be expected, the 
finer-grained material giving the lower harden- 
ability. Relating this to the authors’ work, it 
can be seen that similar conditions may quite 
well exist. Thus, the 0-82% carbon steel may 
be a steel having inherently coarse-grain char- 
acteristics. The portion heated to a high tem- 
perature and quickly cooled would result in the 
locally heated material being modified such that 
on reheating it had a fine-grain habit and hence 
a lower hardenability. 

The writer submits that the above may con- 
stitute an explanation of the differential harden- 
ability effect noted by the authors and that it is 
not due to oxygen introduced in the burning 
operation. It may also explain why the authors’ 
experience with the steels tested by them is 
varied, since the effect observed by Whiteley 
does not, of course, occur in steels which are 
made inherently fine-grained. In other words, 
the steels which respond to the authors’ treat- 
ments are inherently coarse-grained, whereas the 
steels which are not affected by local burning are 
of the inherently fine-grained type. 

The explanation of the displacement of the 
S curve vertically appears to have little supporting 
evidence. 

The paper by Mr. Preece and his collaborators 
has many points of similarity with the paper by 
Mr. Woolman and myself and, in general, the 
agreement is good. There are a few points, how- 
ever, which require comment. 

The authors found that the clearness of the 
structure obtained by the nitro-sulphuric reagent 
was independent of the condition of heat-treat- 
My own experience is that the clearness 


* J. H. Whiteley, Journal of The Iron and Steel Institute, 1943, No. IL., p. 513 P. 
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samples having a prominent cellular structure, 
whilst others could only be described as having a 
faint pattern. This may be wrapped up in the 
initial conditions of overheating, particularly in 
regard to the rate of cooling, and work is in hand 
covering this aspect of the matter. At the 
moment, it would appear that the intensity of 
pattern is at, or near, its maximum when the 
rate of cooling from the overheating temperature 
approximates to air-cooling a l-in. square or 
l-in. dia. bar. This, of course, is the rate of cooling 
adopted by the authors and probably accounts 
for the results obtained. 

A further matter is in connection with the 
effect of overheating temperature on the Izod 
value. It would be of interest to know whether 
the results were modified in any way by includ- 
ing in the final treatment a normalizing treat- 
ment at, say, 50-100° C. above the normal 
hardening temperature before oil-hardening and 
tempering. This is suggested on the grounds 
that after a high-temperature treatment satis- 
factory refinement is not always accomplished 
with one heating into the austenitic region (in 
this case, heating for hardening) and a prior 
normalizing treatment is a great help in this 
direction. Thus the Izod tests would then be 
carried out on a reasonably refined structure as 
distinct from a rather doubtfully refined one. In 
other words, the use of a normalizing treatment 
would separate two factors: (a) The influence of 
overheating in terms of a facet fracture, .and 
(b) the influence of overheating in terms of a 
poorly refined structure. The argument in regard 
to grain-size is illustrated by the following : 


Type of steel : 3% Nickel-chromium—molybdenum. 

Condition : Overheated in forging, giving very large 
grain-size but no facets. Annealed by slow-cooling 
from 850° C. 


Micro-EHxamination. 


In spite of the annealing treatment a coarse grain 
pattern was still evident, although the grain-size 
appeared much finer. 

Results on further reheating on a laboratory scale 
were as follows : 


(i) After 4 hr. at 850° C., 
A.C., T. 600° C. 


Coarse grains still evident 
as a ghost-pattern, to- 
gether with new and 
rouch finer grains. 

Coarse grain pattern still 
evident, but much 
fainter. 


(ii) After a second treat- 
ment as i). 


(iii) After a third treat- Coarse grain pattern al- 
ment as (i). most disappeared. 
Another sample was treated as follows : 
(iv) Normalized at 950° 
C., 4 hr. at 850° C., 
ACC ele CO0 aC: 


Mr. Merchant’s paper makes it clear that the 
term ‘‘ overheating ’’ requires clarification in 


No coarse grain’ pattern 
visible. 
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order to avoid confusion of thought. Thus, 
whilst the author states that a faceted fracture is 
indicative of overheating, the issue is confused by 
reference to large crystal size as revealed by the 
normal etching reagents (7.e., nital, picral, &c.). 
Whilst facets are generally associated at some 
stage with a large grain-size, a large grain-size as 
revealed by these etchants does not necessarily 
mean that such a steel will give a faceted frac- 
ture. Thus the final grain-size (¢.e., the grain-size 
which has been produced by, say, the final 
hardening) may be very fine and the fracture 
may show facets. On the other hand, a grain- 
size may be classified as coarse and show no 
facets. 

There are at least two definitions 
heating : 


of over- 


(1) A coarse grain structure revealed by etch- 
ing with, say, 2% nital or saturated picral. 
This grain-size can be refined in most cases by 
heat-treatment. 

(2) A faceted fracture produced after final 
hardening and tempering. This is generally 
coupled with the cellular pattern (produced by 
the H,SO,-HNO, reagent) which is thought to 
represent the austenite grain-size existing at 
the overheating temperature. The actual grain- 
size is very often much smaller as a result of 
further heat-treatment. 


With regard to the phenomenon of “ crozzling,”’ 
the writer is of the opinion that this is not neces- 
sarily a guide to overheating in terms of a faceted 
fracture, although, in many cases, it does give an 
approximate measure of the grain-size existing at 
the initial heating temperature. 

Finally, in any classification of degrees of over- 
heating by the use of standard fractures, the rate 
of cooling from the overheating temperature 
should be considered. 


Dr. L. CotompierR (Etablissements Jacob 
Holtzer, Forges et Aciéries d’Unieux, Loire, 
France) wrote: I have read with great interest 
the various papers on the overheating of steel, 
and was very pleased to find complete confirma- 
tion of the observations which I myself had 
published in 1942.* For reasons which will be 
easily understood, this publication presented 
practical conclusions in a somewhat summary 
form, and was not widely distributed. 

From all these papers, certain definite con- 
clusions can now be drawn : 


(1) There is a minimum heating temperature 
above which facets appear in the fracture of 
the steel treated. This minimum temperature 
varies with different steels; it is a matter of 
a specific property of the metal, independent 


* Bulletin du Cercle d’ Etudes des Métaux (St. Etienne), 1942, vol. 3, pp. 146-158, 265-268. 
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of the external conditions, particularly the 
method of heating. On the other hand, the 
conditions during steelmaking and especially 
deoxidation play an important part. 

(2) The dimensions of the facets increase as 
the temperature of heating rises; there is a 
relationship between the grain-size of the 
fracture and that of the austenite at the tem- 
perature considered. 

(3) Even strong overheating, provided that 
it does not reach the burning temperature, with 
melting of the segregated elements, can easily 
disappear during further forging. If it is not 
too strong, it can be suppressed by the usual 
treatment of regeneration. It must further be 
remarked in this connection that when over- 
heating has apparently disappeared, the steel 
giving a perfectly sound fracture after normal 
treatment, it can reappear if the steel is ren- 
dered brittle by tempering in the critical 
range.* 


(4) Overheating affects the mechanical pro- 
perties of the metal; the resilience (resistance 
to impact of a notched bar) is particularly 
diminished, as has been shown by J. Vernay { 
and by myself (loc. cit.). The fatigue limit, 
on the contrary, varies relatively little in 
Vernay’s experimental conditions (loc. cit.). 
Mr. Merchant’s results are also rather incon- 
clusive, because after overheating at 1300° C. 
this characteristic is not sensibly altered. 


The theoretical interpretation of all these facts 
is not easy. I have proposed the following : 


It must be remarked in the first placé that 
intergranular fracture is the normal mode of 
breaking of all steel quenched after heating to a 
temperature sufficiently high for notable grain 
growth to have occurred. It can be seen starting 
from a grain-size of about No. 5 on the Jernkontor 
scale. It is, for example, the fracture of a 1% 
carbon steel after quenching from 950° C. If the 
steel so quenched is tempered at increasing tem- 
peratures, it is observed that the intergranular 
fracture disappears at a temperature which rises 
as the degree of overheating increases. In the 
case referred to above, it disappears at about 
400-450° C. after quenching from 950° C. and at 
about 550° C. after quenching from 1100° C. 

Overheating is thus defined in a somewhat 
arbitrary manner by the persistence of inter- 
granular facets in steel quenched and tempered 
at 600° C.; the definition would be different if 
one chose a different tempering temperature— 
500° C., for example. 

The conclusion to be drawn from these observa- 
tions is that in reality there is no discontinuity in 
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the phenomena of overheating; one can speak 
of a limiting temperature only in reference to 
particular experimental conditions. 

When a steel is heated in the austenitic range 
a certain equilibrium is established between the 
grains; their sizes depend on the temperature 
and on the time during which the temperature is 
maintained. What is the true nature of the 
boundaries between these grains? That is a 
question to which a reply must be found if we 
wish to understand the phenomena of overheat- 
ing. Since quenched steel fractures along these 
boundaries rather than through the grains, the 
boundaries must persist in the martensitic state, 
which gives them greater brittleness and less 
cohesion than of the grains themselves. 

The relative cohesions of the boundaries and 
of the grains can be reversed by tempering at a 
sufficiently high temperature, but even then the 
material substance of the boundaries is not 
destroyed, because, in metals sensitive to temper- 
brittleness, a second tempering at a lower tem- 
perature can cause the intergranular fracture to 
reappear. 

Except in the case of overheating at the highest 
temperatures, micrographic examination of the 
quenched or quenched and tempered metal, with 
or without intergranular fracture, reveals nothing 
of these boundaries. It is only when the grain 
has grown considerably (and with it the thickness 
of the boundary) that the nitro-sulphuric etching 
reagent shows up a difference of susceptibility to 
chemical attack between the body of the grains 
and their frontiers. But there is nothing to 
justify the assumption that these boundaries are 
marked by the presence of a constituent insoluble 
in austenite, in martensite, or in the sorbites. 
Further, the hypothesis that non-metallic con- 
stituents accumulate in these boundaries has long 
been refuted, and I think that equally the hypo- 
thesis of a precipitation such as is imagined by 
Mr. Woolman and Mr. Kirkby must also be 
rejected. 

It is, in fact, contradicted by observations that 
I have been able to make recently during re- 
searches (as yet unpublished) on the role of 
phosphorus and of silicon in the phenomena of 
overheating, and of which the conclusions are 
summarized in the following. These tests were 
carried out on a self-quenching nickel-chromium- 
molybdenum steel made in a high-frequency 
furnace. Three melts with various silicon con- 
tents were prepared, and to these, after pouring 
off part of the metal, ferro-phosphorus was added. 
Sensitivity to overheating was judged by the 
persistence of intergranular facets after various 
treatments, among which only the following will 
be quoted here: 1275° C. for 2 hr. (air) + 900° C. 


* Colombier, Bulletin du Cercle d’Htudes des Métaua (St. Etienne), 1945, vol. 4, pp. 229-232. 
+ Vernay, Bulletin du Cercle d’Etudes des Métaux (St. Etienne), 1942, vol. 3, pp. 159-169. 
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(air) + 650° C. (air) + 875° C. (oil) + 600° C. 
(oil)—that is to say, overheating followed by a 
treatment of regeneration and then the normal final 


treatment. The following results were obtained ; 
Silicon Phosphorus Content, 
Content. 0-020% 0:040% 
0:28% No overheating. Traces of overheat- 
ing. 
0:36% Very feeble traces of Strong overheating 
overheating. (50% intergranu- 
lar). 
0:-50% Clear traces of over- Very strong  over- 
heating. heating (two-thirds 
intergranular). 


The influence of phosphorus and silicon is thus 
very clear. Further, these two elements and 
their compounds, phosphide or silicide, are equally 
soluble in austenite and in martensite, and one 
cannot imagine the precipitation of these elements 
in the grain boundaries. 

We are thus driven to admit that heterogeneity 
of concentration exists in the solid solution itself. 
On the basis of ideas put forward by Benedicks * 
one can represent them in the following manner : 
He explains the tendency to grain growth by the 
existence, at the surface of contact between two 
grains, of a surface tension analogous to that 
existing at the contact suface between two liquids 
or between a liquid and a solid. As a consequence 
of the existence of such a surface tension the 
concentration of the elements dissolved in the 
austenite is not uniform. It will be remembered 
that in liquid solutions the surfaces of separation 
from the air or from the container have been 
observed to be enriched in dissolved bodies when 
the latter diminish the surface tension. It is not 
unreasonable to suppose that analogous pheno- 
mena occur in solid solutions and that there is an 
enrichment in certain elements towards these 
surfaces of contact which constitute the grain 
boundaries. By this mechanism the concentra- 
tion of elements such as silicon and phosphorus 
would be greater towards the grain boundaries, 
constituting in the body of the austenite a 
heterogeneous network which would persist in 
the metal after it had become martensitic, and 
would thus explain the heredity observed through 
successive transformations without the necessity 
for these elements to be precipitated out of 
solution. 


The influence of these heterogenities (that is to 


say, the local concentration of the elements con- 
sidered) increases as the grain-size itself increases, 
which no doubt can be explained by the smaller 
total superficial area of the boundaries. In the 
theory of surface tension, this point is not quite 
clear; account should perhaps be taken of the 
variations of these tensions (or of the influence 
of elements on them) with temperature. As 
measurement is quite impossible, we are reduced 
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to hypotheses. However that may be, every- 
thing takes place as if the influence of the boun- 
dary increased as the grain itself increased. 
Starting from a certain size, varying, of course, 
with the nature of the active elements, the brittle- 
ness of the boundary becomes such that rupture 
takes place preferentially between the grains— 
that is, intergranular fracture. 

If a steel presenting such a phenomenon is 
heated a little above the Ac, point, the new 
austenite will be fine-grained, a new equilibrium 
will be established, and the elements dissolved in 
the austenite will distribute themselves along the 
new boundaries, with less enrichment. The steel 
will no longer be sensitive to intergranular frac- 
ture—it will have been regenerated. If, never- 
theless, particularly large concentrations pre- 
existed, the rate of diffusion might be insufficient, at 
lower temperatures in the austenitic range, toassure 
an entirely new redistribution of the elements; 
signs of overheating could persist. Several treat- 
ments carried out at higher temperatures might 
be necessary to regenerate the metal. Finally, 
in the case of extreme overheating, or when the 
solubility of the intervening element was low, 
the enrichment of the boundary might be such 
that the limit of solubility was exceeded; then 
precipitation would occur, corresponding to the 
case where the boundary could be revealed by 
micrography. 

Thus, overheating may be considered as a 
superposition of two phenomena : 


(1) Grain growth as the temperature rises. 

(2) Enrichment of the austenitic solid solu- 
tion in certain elements towards the grain 
boundaries. 


It is by their action on the first phenomenon 
that we explain the fact that steels rich in inclu- 
sions are less sensitive to overheating. The in- 
clusions are also obstacles to grain growth; they 
behave, for instance, like the carbide in a carbide- 
containing steel. It is known that a very fine 
distribution of carbide constitutes a very effective 
hindrance to grain growth: the influence of 
inclusions and the favourable effect of a high 
content of oxygen on the sensitivity to over- 
heating are thus easily explained. 

It is, on the contrary, by their action on the 
second phenomenon that we explain the part 
played by phosphorus and by silicon. 

With regard to aluminium, of which the effect 
is not in doubt, it can influence the grain growth 
by slowing it down by the fine precipitation of 
alumina to which it gives rise in the steel; but 
the excess of aluminium itself in the metal should 
undergo the same phenomenon of enrichment in 
the boundaries. In fact, I have shown in the 
researches quoted above that after the addition 


* Conference at the Seventeenth Congrés de Chimie Industrielle, Nancy, 1938. 
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of 0-010% of aluminium intergranular fracture 
took place after overheating at a temperature 
definitely less than that before its addition, even 
though the grain growth was also much less. 
That is a striking example of the simultaneous 
action, and in reversed directions, of an element 
on the two parts of the phenomenon of over- 
heating. Here the action on the second part is 
of much greater importance, to the extent that 
the presence of aluminium obstructs the regenera- 
tion of the metal. 

I hope that these few reflections may help to 
clear up some points still obscure; no doubt con- 
siderable research is still necessary before we shall 
have a complete knowledge of these phenomena, 
but from now onwards a clear representation of 
many of the observations is possible. I shall be 
very happy if progress can result from the col- 
laboration of metallurgists, so long separated, on 
the two sides of the English Channel. 


Mr. A. Harrnry (Leeds University) wrote: 
There seems to be some doubt about the values 
of the various etchants recommended for over- 
heated steel. A study of many reagents, applied 
to steel in all stages of overheating, suggested 
that only two, nitro-sulphuric acids and electro- 
lytic ammonium nitrate, will detect overheatin 
in its incipient stages. Mr. Goodrich finds the 
latter unsatisfactory, but Figs. 17 and 18 of our 
paper show the typical structure developed by 
this reagent on a steel of the same composition 
as that used by Mr. Goodrich. 

The application of the 24% nitric acid reagent 
to many types of steel has shown that it is not of 
general use as a means of detecting slight over- 
heating. We found that this etchant gave 
broad white boundaries and white pools in the 
interior of the crystals of severely overheated 
steel in the air-cooled condition. To obtain this 
structure, however, the steel generally had to be 
heated above 1400° C. The boundaries and pools 
appeared to etch black in tempered specimens. 
There was some evidence that this type of boun- 
dary was the same as that which was etched 
black by ammonium nitrate (Fig. 16 of our 
paper). With this latter etchant, however, there 
was no inversion of the boundary effect on 
tempering. 

Mr. Merchant refers on p. 228 P to the necessity 
of using special etching reagents to detect burn- 
ing, but is not this phenomenon shown by oxide 
films and voids in the unetched specimen ? 

On p. 219e Mr. Merchant suggests that over- 
heating cannot be caused by a transient increase 
in temperature on forging. It has been stated, 
however, that overheating may occur when a 
steel is heated rapidly by induction methods 
and hence the momentary rise in temperature on 
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forging may be quite sufficient to cause the 
development of this condition. 

An interesting point emerges from the measure- 
ment of the overheating temperatures of the 
carbon-—chromium steels (En 31). Recently pub- 
lished diagrams * indicate that the solidus of this 
steel is in the region of 1250° C., but we have 
shown that certain casts of this steel can be 
heated to 1275° C. without being overheated and 
this is confirmed by Mr. Woolman and Mr. 
Kirkby. It is impossible to exceed the solidus 
by almost 50° C. without the steel showing signs 
of overheating or burning and this would suggest 
that the solidus as given is incorrect. 


Mr. F. E. Stoxexp (The Deritend Stamping Co., 
Ltd., Birmingham) wrote: I have read the 
present series of papers and listened to the dis- 
cussion thereon with much pleasure. Mr. Mer- 
chant’s paper dealt with the matter from the 
drop-forgers’ point of view more than did the 
others, but upon considering some of the remarks 
that were made during the discussion, I feel that 
there is another aspect of the case which merits 
some attention. 

The overheating of steel at drop-forgers’ works 
has been an occasional trouble for many years, but 
it should be noted that the amount thereof was 
usually very small. The disadvantages of poor 
heating equipment in the past were largely offset 
by the skill of the heater employed at the hammer, 
but several additional disadvantages have had to 
be dealt with by drop-forgers during the war. 

In the first place, poor fuels had to be used; 
e.g., low-quality coal for pulverizing and also 
creosote—pitch mixture, instead of the more usable 
fuel oil, and there was insufficient town’s gas to 
make up for deficiencies in other directions. To 
make matters worse, a lot of untrained labour had 
to be employed in order to meet the demands for 
the vastly increased quantities of drop-forgings 
required during the war. Furthermore, there 
appeared to be a general increase in the stress 
to be withstood by forgings of earlier design, 
e.g., owing to the additional horse-power of aero- 
engines and of load-carrying requirements. It 
now appears that since steels for the aircraft 
industry are the cleaner steels they would be the 
more readily susceptible to overheating. 

The general effect of such factors as these 
eventually culminated in the serious wartime 
outbreak of overheating and, in 1943, this led to 
the formation of a Committee sponsored by the 
Ministry of Aircraft Production to deal with the 
matter. This was the Joint Advisory Committee on 
the Overheating of Steel Drop-Forgings, under the 
Chairmanship of Mr. H. H. Burton of the English 
Steel Corporation, Ltd. This Committee was 
composed of metallurgists from steelmakers, drop- 


* W. Tofaute and others, Archiv fiir das Hisenhiittenwesen, 1936, vol. 9, p. 606. 
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forgers, the aircraft industry, and from the A.I.D. 
Materials Branch, together with the Director of 
Drop-Forgings. ° In that year the Committee issued 
an Advisory Publication to all drop-forgers. This 
document declared that the responsibility of pre- 
venting overheating rested with the drop-forgers 
and advised them of the state of knowledge on 
the subject and how the matter could best be 
dealt with. It laid down a method whereby 
those firms who had been unsuccessful in solving 
their own difficulties could call upon the services 
of the Committee, who would arrange for technical 
men to visit their works and advise them of the 
best way out of their trouble. It also required 
that every case of overheating, whether solved or 
not, should be reported to the Director of Drop- 
Forgings for consideration by the Committee. It 
is noteworthy that the number of cases reported 
became fewer as the work of the Committee 
proceeded. 

Most of the information published in the 
present series of papers was known to the Joint 
Committee in 1943, except, perhaps, that the 
means of refining overheated forgings by cooling 
slowly from high temperatures, as shown in the 
paper by Preece and his co-workers, and also 
that the recent advances towards a better under- 
standing of the nature of overheating, were not 
then available. It was thoroughly understood, 
however, that the only rational way to deal with 
overheating was to prevent it and this became 
still more evident in the course of time. 

In 1944 an open discussion on the subject was 
held by the Midland Metallurgical Societies in 
Birmingham. References were made to the work 
being carried on at Leeds University and else- 
where, but no distinct advances in the treatment 
of the subject were then apparent. We were 
greatly indebted to the Bristol Aeroplane Co., 
Ltd., however, for their further information on 
the effect of the various grades of overheating 
upon the fatigue values of the 100-ton/sq. in. 
nickel-chromium steel: this was upon the lines 
of Mr. Frith’s useful contribution to the discussion 
on the present papers. One point remains to be 
cleared up: Whilst we have been told that slow 
cooling from high temperatures is effective in 
restoring the mechanical properties of overheated 
steel, we have yet to learn whether this also 
applies to the reduced fatigue values. It is 
hoped that some work now in hand at Birming- 
ham University may be helpful in this connection. 

Even from the present series of papers it is 
evident that non-destructive methods for the 
detection of overheating are still inadequate. All 
practicable methods that have come to our notice 
have been tried out at the works and labora- 
tories of my employers, The Deritend Stamping 
Co., Ltd. We have installed a plant for the 
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pickling of forgings in boiling hydrochloric acid 
on a production basis for suspected cases of over- 
heating and have found this method of great 
service to ourselves and others. We can con- 
firm, however, that when forgings have been 
machined, or have been thoroughly descaled by 
shot-blasting, they are rendered unsuitable for 
judging as to whether they have been overheated 
or not, although evidence of burning can be made 
clearer by this means. 

Despite the fact that we can claim to have had 
a fair measure of success in refining by heat- 
treating forgings that showed slight signs of over- 
heating, all our experience has supported the 
early opinion that the only proper way to deal 
with overheating was to prevent it. 

Under the present circumstances, it appears to 
me that the application of precise knowledge is 
essential in order to prevent overheating. The 
first thing is to decide upon a maximum tem- 
perature which that of the steel about to be forged 
must not exceed. The next thing is to provide 
the forge with furnaces that will economically 
heat the steel to no higher than this temperature, 
even when the steel may be kept in the furnace 
owing to delay at the hammer, &c., for longer 
periods than usual. 

The Joint Advisory Committee did not con- 
sider it desirable in 1943 to lay down fixed maxi- 
mum temperatures for the heating of steels for 
forging in all plants since the conditions differed 
so greatly; but the publication issued to drop- 
forgers advised them that every effort should be 
made not to exceed 1250° C. for the majority of 
alloy steels used in the aircraft industry. In 
practice, this was found to be fairly -successful. 
Nevertheless, cases of overheating of some electric 
steels were observed when this temperature was 
not exceeded. On the other hand, I have seen 
no true evidence of an open-hearth steel being 
overheated when 1200° C. was not exceeded; nor 
of an electric steel when taken to no higher than 
1150° C. 

Clark,* in a paper which is useful at this point, 
shows that of about 70 different steels which he 
investigated, excluding the graphitic steels and one 
tool steel, the safe maximum temperature may be 
as low as 1150° C., or as high as 1320° C., 
according to the particular steel involved. Un- 
fortunately, the method of steel manufacture is 
not stated, but it is interesting to observe that 
several pairs of steels of almost exactly similar 
composition show variations of about 60° C. from 
one to another. Indeed, he shows a difference 
of 140° C. (1290-1150° C.) in the recommended 
maximum forging temperatures of one pair of 5% 
chromium—molybdenum steels. These were very 
similar except that one contained 0-44% of 
titanium. 


* C. L. Clark, Iron Age, 1944, vol. 153, Mar. 16, pp. 52-55. 
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Based on the above and upon other evidence, 
something like a working proposition begins to 
emerge. In general terms, it might be stated thus : 
Electric steels should be heated to no higher than 
1150° C. and open-hearth steels to no higher than 
1200° C. for forging. Many forging operations 
can be completed from these temperatures, but 
when economical production appears to require a 
higher temperature it becomes necessary to find 
by experiment the maximum permitted forging 
temperature of the particular cast of steel in- 
volved. Making due allowance for the amount of 
hot work to be performed and the approximate 
finishing temperature of the forging operation 
itself, the safety controls can then be fixed and 
manufacture can proceed safely. 

It is clear that overheating can be prevented 
by this means and it is found that the main 
problem in actual practice is a matter of furnace 
design, viz., to ensure correct control of the tem- 
perature to which the steel is heated prior to 
forging. 

In a paper* published in the Drop Forger—the 
official journal of the National Association of 
Drop Forgers and Stampers—I have attempted 
to bring to the attention of drop-forgers some 
idea of the lines upon which this problem might 
be tackled. This paper did not deal with the 
comparatively simple matter of heating numerous 
pieces of regular size and shape for regular forg- 
ing operations and therefore made but small 
reference to those methods employing electrical- 
resistance or high-frequency heating. Instead, 
the matter was confined to the problem of heating 
in fuel-fired furnaces, each of which must be 
capable of dealing with a variety of different sizes, 
shapes, and classes of steel bars or billets and 
also with partly made, or nearly finished, forgings. 

The preceding sentence indicates the real 
problem that drop-forgers have to face; for there 
is seldom a sufficient regularity of production of 
similar forgings required over a long enough 
period to permit the installation of specialized 
heating equipment which, whilst it may be ideal 
for one or two patterns of forging, would be quite 
useless for many others to be made at the same 
hammer. A quite different state of affairs exists 
in many plants in the United States of America 
where long runs are the rule rather than the 
exception. Indeed, I have seen it stated that the 
production at one plant would not be changed 
until at least 500 tons of steel were available “ at 
the hammer ”’ for one new pattern of forging about 
to be produced. Nevertheless, we have seen that 
overheated forgings can be produced even in the 
U.S.A., but it is hoped that the work of Jominy, 
Strauss, and others may be instrumental in 
reducing such undesirable exports in future. 

Without the undoubted advantages of very 
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regular production, British drop-forgers have to 
employ heating equipment that is very versatile 
in respect of the sizes and shapes of the pieces it 
will accommodate. Many so called “furnaces ” 
in the past were no more than smoke-belching 
“flame boxes ” in which the steel was heated and 
where the man at the hammer exercised the only 
“ control ” possible under such conditions. Heat- 
ing for forging was thus a highly skilled occupa- 
tion, albeit an uncomfortably hot and dirty one. 

A great deal of valuable work has been accom- 
plished since then and at my employer’s works a 
new conception has arisen. On one of our newly 
developed furnaces, fired by town’s gas, where 
there is no actual flame in the working space and 
the temperature is automatically controlled to 
within ++ 7° C., the man at the hammer told me 
that his only complaint was that he had to have 
his coat on to keep warm! This development 
marks a stage in real progress towards the better 
heating of steel for forging so that, not only can 
precise temperature control be established in the 
forge as a major factor in the prevention of over- 
heating, but a far cleaner stamp shop is en- 
visaged, with better working conditions for the 
man at the hammer. It is thought that such an 
improvement would tend to attract a better class of 
workman, who would be more likely to lend brains 
rather than only brawn to the manufacture of the 
highest quality of drop-forgings yet produced. 

It will be apparent from the foregoing remarks 
that, despite the impression that may have been 
gained from the contribution of Mr. Latta to the 
discussion, some drop-forgers, if not all, have 
been taking the necessary steps to deal with the 
matter of preventing overheating and the work 
is still going on. Indeed, some have proceeded 
so far along the road to success that, for instance, 
my own employers have been able to guarantee 
freedom from overheating quite confidently upon 
accepting a recent order for making certain highly 
stressed forgings and it has since transpired that 
the confidence was not misplaced. 

In conclusion, I would like to record my per- 
sonal thanks in appreciation of all the good work 
already accomplished that rendered possible the 
present series of valuable papers and the numerous 
useful contributions to the discussion. It is 
hoped that the authors of the papers may be 
thus encouraged to continue the good work so 
that eventually the steelmakers may be able to 
produce steels of such regular characteristics that 
none of them will be susceptible to overheating 
below a fixed temperature of, say, 1250° C. which 
surely should be adequate for the drop-forging 
industry. 


Dr. V. Konpic and Dr. J. A. WHEELER (Metal- 
lurgy Department, The University, Birmingham) 


* F, E. Stokeld, Drop Forger, 1945, vol. 25, No. 1, p. 11. 


304 P 


wrote: Attempts to define the term “ over- 
heating ”’ have so far been of two kinds, one group 
being based on the effects of heating to high 
temperatures on various mechanical properties, 
and a second group, to which the definition pro- 
posed by Woolman and Kirkby belongs, on the 
corresponding effects on structural characteristics, 
such as the appearance of network structures or 
faceted fractures. As the practical implications of 
the use of the term always relate to the mechanical 
characteristics of the material to which it is 
applied, we believe that definitions of the first 
type offer more prospect of receiving general 
practical acceptance. However, it is not yet clear 
which of the mechanical properties should be 
selected to form the basis of such a working 
definition, nor in what condition of heat-treat- 
ment the material should be tested. The fracture 
method of determining minimum overheating tem- 
peratures which has been adopted by Preece and his 
co-workers gives good correlation with the results of 
static mechanical tests for certain steels, as is indi- 
cated by Figs. 7 and 8 of their paper, but this prin- 
ciple may not hold for all steels. For example, no 
such relation exists for certain nickel-chromium— 
molybdenum steels which we have tested in the 
air-hardened condition. A steel containing 0-35% 
of carbon, 3-4% of nickel, 1-7°% of chromium, and 
0-479, of molybdenum, first showed faceting of 
the tensile fracture after heating at 1130° C.; 
there was no evidence of the network structures 
which constitute the other proposed test for over- 
heating and, furthermore, the ductility properties 
actually attained maximum values in this tem- 
perature range. On the other hand, a similar 
steel containing 0-24% of carbon, 4:18% of nickel, 
1:30% of chromium, and 0-68% of molybdenum, 
showed no faceting of the tensile fracture after 
heating to 1370° C. in spite of the fact that this 
had caused a 40% decrease in both elongation 
and reduction of area. 

On the basis of evidence of this kind we hold 
the view that while overheating—in the sense of 
impaired mechanical properties—and the develop- 
ment of faceted fractures, frequently occur as 
parallel phenomena on raising the temperature 
of heat-treatment, it does not therefore follow 
that there is a direct connection between them, 
or that the fracture test can give more than a very 
general guide on questions of mechanical sound- 
ness. 

We have studied several steels very similar in 
composition to that used by Goodrich, and find 
that relatively minor differences in composition 
may be associated with widely dissimilar fractur- 
ing characteristics after the same heat-treatment. 
For this reason we should welcome the extension 
of his work to other steels in order to investigate 
the generality of the conclusion which he draws. 

Our experiments on the restoration of the 
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mechanical properties of badly overheated steel 
have led us to the conclusion that the most com- 
plete solution consists in repeated heat-treatment 
at continuously decreasing temperatures—a pro- 
cedure similar to the American method referred 
to by Merchant. By this means, and by using 
highly protective inert atmospheres for all heat- 
treatments, we have found it possible to repro- 
duce the static mechanical properties character- 
istic of a heat-treatment temperature of 900° C. 
in a specimen which had previously been heated 
to 1400° C. On the very important question of 
the fatigue properties of specimens so reclaimed, 
we have, however, no evidence. 


Mr. W. WaLkKeER (The Clyde Alloy Steel Co., 
Ltd., Motherwell) wrote : The publication of these 
papers on overheating clears up many points 
which have long been the cause of much discussion 
and controversy between steel producers and 
forgers. It has always seemed rather surprising 
that so little was known about the exact nature 
of this phenomenon, particularly when one con- 
siders the number of forgings which have been 
rejected at various times because of this defect. 

About a year ago, as a result of one of the 
frequent discussions which arose concerning over- 
heating, the writer undertook, in the research 
laboratory of The Clyde Alloy Steel Co., Ltd., a 
fairly comprehensive investigation of the causes 
of overheating, and during the past year he has 
worked on the problem. Until recently, the 
writer was not aware of the scale on which the 
problem was being attacked by other investi- 
gators and it was a source of considerable grati- 
fication to find, on the publication of these 
papers, that the general conclusions which he had 
reached concerning the nature of overheating 
were so nearly correct. 

It is not proposed here to enter into any 
critical discussion of the results of the various 
experiments, except in so far as further or con- 
firmatory evidence for one or other viewpoint 
can be given. 

Part of the writer’s investigation covered the 
influence of overheating on mechanical properties, 
particularly the effect of overheating on the 
endurance limit of En 24 steel made in the basic 
electric furnace. 

The endurance limit under reversed stresses of 
normal Kn 24 steel was first determined using a 
30-cwt. Haigh fatigue machine and was com- 
pared with the endurance limit of samples from 
the same cast overheated at 1350° C., at which 
temperature faceted fractures roughly equivalent 
to those illustrated in Figs. 21 and 22 of Preece, 
Hartley, Mayer, and Nutting’s paper were ob- 
tained. The reduction in endurance limit due 
to this relatively severe overheating was much 
less than expected and did not confirm the then- 
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popular belief that drastic reductions in endur- 
ance limit were to be expected if the material 
was even slightly overheated, as is shown by the 
following : 


Heat-Treatment. Endurance Limit. 


Sample not over- 850° C.0.Q., +27 tons/sq. in. 
heated. 650° C. A.C. 

Sample overheated 850° C.0.Q., +20 tons/sq. in. 
at 1350° C. 650° C. A.C. 


Numerous impact tests carried out on over- 
heated and normal material also indicated that 
the Izod values for slightly overheated material 
were little affected,.which was again a direct 
contradiction of the current belief. It seems 
that in some cases the abnormally low Izod values 
attributed to overheating (without confirmatory 
tests) should be more properly otherwise accounted 
for. 

These results bear out Preece, Hartley, Mayer, 
and Nutting’s contention that moderate degrees 
of overheating do not adversely affect mechanical 
properties to any great extent and certainly not 
to the extent usually assumed. 

It was found that overheated structures could 
be produced with equal ease in atmospheres of 
hydrogen and nitrogen and, for convenience, all 
later work was done in an atmosphere of purified 
commercial nitrogen. Thus the very common 
belief that oxidizing furnace atmospheres are 
necessary to produce overheating is no longer 
tenable. 

The effect of cooling rate from overheating 
temperatures was not investigated, but the im- 
portance of this cooling rate in determining whether 
or not faceted fractures will be produced probably 
accounts for the erratic results obtained before 
air-cooling from the furnace was adopted as 
standard practice. ; 

The method which has been used recently of 
determining the minimum overheating tempera- 
ture differs considerably from any of those pub- 
lished and, since it has the advantage of speed 
and is fairly accurate, an outline of it may be of 
interest. 

The method consists of placing one end of a 
cylindrical specimen (of dimensions shown in 
Fig. Y) in the hot zone of a platinum-wound tube 


He-in.dia.hole for thermocouple 
Fre. Y.—Diagram of Specimen and Thermocouple Used 


in the Determination of Minimum Overheating Tem- 
perature. 


furnace, heating to a temperature above the 
minimum overheating temperature, and, by with- 
drawing the thermocouple 4 in. at a time, deter- 
mining the temperature gradient along the speci- 
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men. After heat-treating (usually oil-quenching 
from 850° C. followed by cooling from 650° C.) 
the specimen is split in two longitudinally, and 
one half is then notched and fractured at 4-in. 
intervals. By this means the disappearance of 
facets from the fracture can be located within 
one of the }-in. sections. The other half of the 
specimen is notched at a position midway between 
the notches on the particular section in which 
the facets disappear and their disappearance is 
located within } in. An estimate of the exact 
distance from the end of the test-piece at which 
facets just disappear is made and the correspond- 
ing temperature read from the temperature- 
gradient curve. 

The estimated maximum temperature error by 
this method is about + 10° C. and good agree- 
ment can be obtained with duplicate tests. 

The usual temperature for the hot end of the 
specimen was about 1370° C., the cold end being 
then about 700° C. Greater accuracy would be 
obtained if the temperature gradient was less 
steep, but in the particular furnace used this 
would have involved a specially wound element. 

Various etching reagents were tried in an 
attempt to improve on the nitro-sulphuric reagent 
and from these a reagent consisting of 10% sul- 
phuric-acid/10% hydrochloric-acid in water was 
selected as being as good as, if not better than, the 
nitro-sulphuric reagent. The reageant was used 
boiling and was most effective on hardened or 
hardened and lightly tempered specimens. The 
time of etching varied from 3 to 15 min. and 
light polishing was usually necessary to improve 
the contrast. Latterly this reagent replaced the 
nitro-sulphuric reagent completely and gave quite 
satisfactory results, although the conditions under 
which it was used were never particularly exact- 
ing and fracture tests were invariably used to 
settle doubtful cases. 

During the examination of these gradient tests 
one very interesting observation was made—an 
observation for which, at the moment, no ex- 

lanation can be suggested, but which may throw 
some light on the mechanism of facet formation. 
In one of the En 24 gradient test-pieces which had 
been heated to 1440° C. at the high-temperature 
end, a sudden and very marked increase in grain- 
size occurred at the fifth notch (corresponding to 
1365° C.). The increase was very local and in this 
area the fractured ‘surface consisted of a few ex- 
tremely large grains, while on each side, although 
the fractures were heavily faceted, the grain-size 
was not larger than that anticipated under these 
conditions of heating. 


Mr. A. J. K. Honryman (Messrs. Colvilles, 
Ltd., Glasgow) wrote: The relationship found 
between the overheating temperature and the 
Fox inclusion count is interesting, but it is 
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unfortunate that other variables, such as com- 
position of steel, ingot size, and degree of hot 
working have not been taken into consideration ; 
of these, the first two affect the Fox count. 

To illustrate, the following experiment was 
carried out on acid open-hearth silicon—manganese 
steel which happened to be available. Samples 
taken from a 23-in. square, rolled from the middle 
of a 12-sided, inverted ingot of cross-section 
approximately 22 in. dia., were forged to 13 in. 
dia. Other samples were taken from a small 
ingot of the same cast, 6 in. long and 2 in. in 
dia., and were forged to 1 in. square. Samples 
were heated to 1300°,.1350°, and 1400° C., respec- 
tively, for 4 hr., cooled in air, and then oil- 
quenched, and tempered at 500° C. The Fox 
count of the first sample (A) was 124, large 
inclusions predominating, while the Fox count of 
the second sample (B) was 99, the inclusions being 
mainly small. 

It was found that the overheating temperature 
of sample A was 1350-1400° C., while that of 
sample B was 1300-1350° C. Both overheated 
samples gave a white network (Figs. J and K) 
when etched with the nitro-sulphuric acid reagent 
(10% sulphuric acid plus 10% nitric acid). This 
is rather surprising in view of other workers 
obtaining a black network with this reagent. It 
is also of interest to note that the sample with 
the higher overheating temperature also showed 
white spots. It would be interesting to know if 
other observers have found these white spots 
more frequently with higher overheating tem- 
peratures. ; 

Tempering to 670° C. for several hours was not 
sufficient to remove the network entirely but the 
outlines became faint. 

The analysis of the steel was as follows : 


Silicon, 


1-82% 


Carbon. 


0:64.% - 


Sulphur. 
0-036% 


Phosphorus. 
0-032% 


Manganese. 


0-88% 


Another interesting point deserving further 
investigation is the effect of rate of cooling from 
the overheating temperature. This too, may well 
be influenced by composition as well as by the 
overheating temperature. 

Perhaps the most significant feature is the 
response of the boundary network to tempering 
temperatures after normal quenching. The fact 
that it tends to disappear at tempering tempera- 
tures above 200° C. in low-carbon steel and 
above 600° C. in alloy steels and that requenching 
and tempering reproduces it, would seem to 
indicate, as implied by Preece and his co-workers, 
that the network arises from diffusion and segre- 
gation within the austenite grain. I would ven- 
ture to suggest, therefore, that the phenomena 
described may be explained on the hypothesis 
that it is due to heating the steel within the 6 
range. The phase-changes in heating and cooling 
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would tend towards segregation in the austenite. 
Rapid cooling would inhibit migration to the 
grain boundaries, while very slow cooling would 
allow of rediffusion. 

While little is known of the 6 region of alloy 
steels, the foregoing is offered as a suggestion 
which may be useful in planning further research. 


Mr. H. Evans (The Mond Nickel Co., Ltd., 
Birmingham) wrote: I would like to convey my 
appreciation to the various authors of the very 
interesting and informative papers which have 
been presented on the complex and important_ 
subject of overheating in wrought steels. It 
may be of interest to set down at this stage 
some results obtained on steel castings which 
fall, to some extent, into line with Woolman 
and Kirkby’s hypothesis that overheating in 
wrought materials is influenced by the cast 
structure. - 

Recently I had occasion to examine a fractured 
sample taken from the centre of a large, heat- 
treated, 34% nickel-chromium—molybdenum steel 
casting. Part of the fracture in this piece had a 
coarse, faceted appearance (Fig. L), very similar to 
that in the fractured surfaces of overheated com- 
ponents. The cooling rate at the centre of the 
casting had, of course, been extremely slow and it 
was found possible to reproduce the abnormality 
in laboratory castings by cooling the steel from 
the molten state at a slow rate. The appearance 
of the fractured surfaces of the experimental 
castings was the same as that in overheated 
wrought material, whilst the nitro-sulphuric acid 
etching reagent gave dark-etching boundaries, 
together with a dark-etching orientated pattern 
within the grains. A photomicrograph of the 
fractured surface of a coarse-grained laboratory 
casting after nickel-plating is shown in Fig. M, 
and illustrates the partly intercrystalline and 
partly transcrystalline nature of the path of the 
fracture, which supports the ideas of Woolman 
and Kirkby rather than those of Preece and his 
co-workers, who state that the grains in the frac- 
ture of overheated material correspond to the 
crystal structure developed .by suitable etching 
reagents. 

Contrary to the results of Woolman and Kirkby 
on wrought material, heating samples of the 
casting in the temperature range 1100-1250° C.. 
for 3 hr., followed by slow cooling or rapid cooling 
and then by normal hardening and tempering 
treatments, eliminated the coarse faceted type of 
fracture. A reduction of the casting by a ratio 
of 5:1 by forging, eliminated completely the 
en a fracture in the hardened and tempered 
steel. 

These rather limited results could bear the 
construction that the susceptibility of wrought 
material to overheating is influenced by : 
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(a) The cooling rate of the original ingot. 
(6) The amount of forging or rolling to which 
the material has been subjected. 


The larger the ingot the slower is the cooling 
rate, and the probability for coarse grains to be 
present is increased, though subsequent hot work 
would progressively break down this coarse struc- 
ture. The occurrence of a coarse-grained struc- 
ture on further reheating may well be affected by 
the ingot size and the amount of hot working to 
which the material has been subjected. Preece 
and his co-workers do not mention the size of the 
ingots from which their test-samples were pre- 
pared for the overheating experiments. Is it 
possible that some of the lack of correlation 
between the overheating temperature and the 
variables which they have studied is due to the 
difference in the early histories of the steels 
examined ? 


Mr. K. G. Lewis (Royal Naval Torpedo 
Factory, Greenock) wrote: The Institute are 
to be congratulated in having this excellent 
series of papers on overheating submitted at one 
time. The work of Austin * was the first of note 
to deal with faceted fractures and their examina- 
tion. Since that time, much investigatory work 
has been carried out, but the general picture 
remains confused, and a satisfactory explanation 
of the mechanism of overheating is still required. 
As an outcome of the present series of papers, 
a joint statement from the authors concerned on 
those phases of the subject which are agreed upon 
would be most welcome, as would definitions of the 
various aspects of overheating. It would appear 
that ‘“‘ pseudo-overheating ” or some similar term 
is now most necessary. 

When all the papers are considered collectively, 
two features call for criticism. Firstly, at least 
seven etching reagents have been used, com- 
parison of structures consequently becoming 
difficult in certain instances. Secondly, and 
probably more important, most of the steels are 
of the low-alloy type used to-day for high-duty 
forgings and are covered in the main by three or 
four standard specifications. In most cases, they 
would appear to have been drawn from production 
and, while examination of such steels would have 
formed an excellent concluding stage to this very 
difficult problem, it would surely have been pre- 
ferable to have controlled certain of the com- 
position variables in the strictly investigatory 
stages of the examination. 

Mr. Preece and his colleagues have admittedly 
adepted a more suitable technique, namely, 
statistical correlation, but, for the reason already 
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stated, this has of necessity been conducted over a 
limited composition range in most instances. 
Nevertheless, the markedly indicative and positive 
correlation coefficients for sulphur or oxygen are 
not necessarily true, since the effect ostensibly 
due to either element may be associated with some 
other additional factor which is actually causing 
variation in overheating temperatures. Any 
doubt of this nature, however, can readily be 
decided by calculating the appropriate partial 
correlation coefficients.| By this means, the 
effect of sulphur (or oxygen) on overheating 
temperature can be determined with any other 
additional factor (or factors) held constant. 
Thus, instead of the simple correlation coefficient 
between sulphur (S) and overheating temperature 


“(T), rsr, we have the partial correlation coefficient, 


’gr.x,in which X is an additional factor, maintained 
constant. It is equally permissible to have higher- 
order partial correlation coefficients, ¢.g., rsr- xyz, 
but it is not considered that a partial coefficient 
above the first order need be considered in the 
present instance. 

Since all the investigators agree that the steel 
manufacturing process has a definite effect on 
overheating temperature, only the basic electric 
steels from Table III. of Mr. Preece’s paper were 
examined. The number of steels was 20 and, 
while the coefficient for sulphur, rgr = + 0-636, 
was confirmed, the coefficient for oxygen, ror = 
+ 0-127, could hardly be regarded as significant. 
Attention was then confined essentially to the 
effect of sulphur and the following partial correla- 
tion coefficients were obtained: rgz.9 = + 0:628 
and ror.s = —0:028. It would seem, therefore, 
that the influence assumed to be due to sulphur 
on overheating temperature is more or less correct 
and that oxygen has little or no direct or indirect 
effect in the case of the basic electric steels 
examined. The one element outstanding, which 
could possibly influence the effects due to sulphur or 
oxygen, was, of course, manganese, but the factors, 
funr = +0:153, runs = —0-235, and rr. un = 
-+ 0-699, provide additional assurance that sulphur 
is exerting a more or less individual effect in the 
case of basic electric and also open-hearth 
steels (see below). 

In the above calculations, Mr. Preece’s positive 
significance for oxygen is in no case confirmed, 
but, according to his remarks on p. 246P, he 
determined his correlation coefficients on a mixed 
collection of electric (the above 20) and open- 
hearth (9 in number) Steet a doubtful 
procedure in the light of his own remarks and those 
of other investigators. The positive factor of 
0-57 for oxygen, however, must be accounted for 
and, when the factors obtained above are con- 


* G. W. Austin, The Iron and Steel Institute, 1936, Special Report No. 14, p. 189. ; 
} See, for example, C. H. Goulden, “ Methods of Statistical Analysis,” p. 80. London, 1939: Chapman and 
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sidered, it can only be concluded that oxygen in 
open-hearth steels has a marked positive effect on 
the overheating temperature. In any case, this 
conclusion is only in line with the known higher 
oxygen content of open-hearth steels and their 
higher overheating temperatures, the latter having 
been amply demonstrated by Mr. Preece and his 
colleagues. : 

It is logical to assume that the steels with a high 
inclusion content will have a high oxygen content, 
so that Mr. Preece’s findings of high overheating 
temperatures would be confirmed statistically in 
the case of open-hearth steels. His work is of 
the greatest value in providing firm proof that 
overheating is not the result of envelopment by 
the fusion of non-metallic constituents. But, it is 
thought, this proof should be regarded, for the 
moment at any rate, as applying only to steels 
of open-hearth origin. At the same time, it is 
not thought that the inclusion theory can apply 
to basic-electric quality steels, where the oxygen 
content and inclusion count are generally so low 
as to preclude the possibility of anything like 
continuous envelopes of non-metallic films. It is 
agreed that precipitation of any agency along all 
grain boundaries does not appear to be necessary 
and both Merchant’s and Woolman and Kirkby’s 
papers draw attention to fractures which are only 
partly faceted. Do not the latter investigators 
regard the reference to “ austenitic grain-size at 
the reheating temperature” as being somewhat 
dangerous without further qualification? The 
inherent grain-size of the material may be exerting 
some effect, quite apart from that due to reheating 
- temperature. 

Messrs. Woolman and Kirkby remark that the 
facet fractures corresponded with the grain-size 
obtained by micro-examination, a statement 
which must draw attention to the confused state 
of affairs regarding aluminium addition, since 
they state earlier that increased aluminium 
additions resulted in increased grain-size for a 
given temperature. Quite the reverse condition 
would normally be expected and it would be of 
interest to know whether these authors have ever 
experienced such a result in the instance of a plain 
carbon steel, or, at any rate, a steel of strictly low 
alloy content. One remark in their paper does 
call for further clarification with regard to the 
aluminium content. The authors state: “The 
additions of aluminium to each individual ingot 

. were... and then proceed to record a 
percentage figure for the aluminium content and, 
again, in Table VI. they show three identically 
similar aluminium contents in numerous samples. 
It would be logical to ask, therefore, if they are 
recording the aluminium added as a percentage 
of the ingot or cast weight. Ifso, as would appear 
to be the case, it is quite unjustified, since con- 
ditions of temperature, oxygen in steel, and slag, 
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&c., must be controlling factors. Two heats of 
almost identical composition cannot be expected 
to respond in an identical manner to equal 
aluminium additions. Further, is the aluminium 
regarded as existing in the steel in the soluble form, 
or as alumina, oras both? The writer’s experience 
with regard to plain carbon steels has been that 
the marked degree of heterogeneity of both 
soluble aluminium and alumina which persists 
over an ingot, over a plate of ingots (e.g., in 
bottom-casting practice) and over a cast, is such 
that aluminium content, in whatever form or 
forms it may exist, calls for most careful ex- 
amination and definition. In low-alloy steels, 
the aluminium addition is in general much smaller, 
but the degree of variation is certainly as great as 
in plain carbon steels. The remarks on hetero- 
geneity will apply also to gas content, a feature 
to which Professor Thompson has drawn attention. 

Messrs. Woolman and Kirkby appear to have 
made their initial additions of aluminium to the 
furnace bath, followed in certain instances by 
additions to the mould. In the former case, the 
condition of the heat must determine the amount 
and form of aluminium taken up by the melt, and 
only a small amount (at any rate, of alumina) can 
be expected to remain in the metal at the time of 
tapping, a remark that will apply in even fuller 
measure to heats of acid steel. Additions of 
aluminium to the mould are generally fraught 
with inconsistency, unless considerable agitation 
of the steel can be effected. Even under con- 
ditions of bottom-teeming practice, where the 
aluminium is swept along in the metal stream, 
inconsistencies with regard to aluminium have 
been observed. It is surprising that the authors 
have not confined aluminium additions to the 
ladle, a procedure which they have adopted (in 
part) in the second stage of series (experiment (10)). 

Little has been said in most of the papers 
regarding the method of forging and the degree 
of punishment applied to the steel during the 
forging operation. The remarks of Woolman 
and Kirkby, however, are of the greatest import- 
ance with regard to “ temperature plus forging ” 
and would have been of even greater value if they 
could have been recorded on some quantitative 
basis. Have these authors any information on 
the behaviour, with reference to the initiation of 
faceting and to the size of facets, on steels which 
have been heated to the same temperature ranges, 
but which have been subjected to varying degrees 
of forging ? 

It is unfortunate that contrary results have been 
obtained regarding rates of cooling, regarded by 
many people as the factor controlling the incidence 
of the faceting phenomenon. But the results of 
Mr. Goodrich and those of Messrs. Woolman and 
Kirkby point to lack of agreement on this issue. 
The former draws attention to the effect of tem- 
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pering temperature, but, as Mr. Goodrich well 
knows, users of low-alloy steel forgings will always 
require material tempered at the higher tem- 
perature ranges in order to obtain optimum 
mechanical properties. 

If conclusion, it is very evident that marked 
differences of opinion still exist regarding certain 
of the factors affecting the overheating of steel, and 
that the wealth of data submitted by the various 
authors have only succeeded in eliminating a few 
of the possible agencies. All the papers, however, 
constitute a valuable initial contribution in 
attempting to isolate the cause or causes of trouble 
due to overheating—a danger which of necessity 
must be given much further study when the re- 
quirements of high-duty steel forgings are 
considered. . 


Mr. L. Fins (Menasco Manufacturing Company, 
Burbank, California, U.S.A.) wrote: As Preece 
and his co-authors have mentioned, an ordinary 
etch does not reveal the presence of overheating. 
Fig. N shows a sample of drill rod which was 
heated to 2500° F. in air for 10 min., air-cooled, 
reheated above Ars, quenched, and tempered at 
800° F. When polished and etched in nital, it 
showed no indication of overheating, but on 
re-etching in an electrolytic phosphoric acid 
solution,* the presence of the prior austenitic 
grain boundaries was clearly revealed, as in Fig. 
O, which shows the same area of the same sample. 
The phosphoric acid etch acts similarly to the 
nitro-sulphuric etch. - 

In regard to the restoration of overheated steel 
by slow cooling, the following corroborative evi- 
dence may be presented. Three samples of 
NE 8735 were heated at 2600° F. in air for 5 min. 
each. The first sample was oil-quenched, the 
second air-cooled, and the third furnace-cooled to 
2350° F. and then air-cooled. The samples were 
then reheated above Ar,, quenched, and tempered 
at 900° F., polished, and given an electrolytic 
phosphoric acidetch. Figs. P, Q, and R represent 
the quenched, air-cooled, and furnace-cooled 
specimens respectively, and it can be seen that the 
furnace-cooled specimen barely reveals any inter- 
granular pattern. However, the writer would 
like to point out that in his experiments the 
quenched samples did not appear better than the 
air-cooled ones. 

Mechanism of Overheating—Some time ago it 
was observed by the writer and his co-workers, 
Maak and Ozanich, that there was a striking 
similarity in the behaviour of the weld-plane of a 
pressure weld and that of overheated austenitic 
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grain boundaries. A sample of a pressure weld 
in §.A.E.4340 steel was purposely overheated in 
welding, so as to produce an overheated-grain 
pattern in addition to the weld-plane pattern. 
Two sections of the sample weld, 4 in. apart, were 
then reheated to 2530° F., one being air-cooled 
and the other furnace-cooled, see Figs. S and T 
respectively. It can be seen that the improve- 
ment in the weld-plane characteristics and of the 
overheated-grain pattern have proceeded to an 
almost equal degree. Further, it was observed 
that slow cooling from certain high temperatures 
would effect complete disappearance of the weld- 
plane and overheated-grain patterns. If, to this 
evidence, one adds the fact that in both cases it 
was not possible to observe anything after an 
ordinary etch and that the electrolytic phosphoric 
acid etch worked equally well on both, the simi- 
larity becomes truly striking. The line of pits 
revealed by the phosphoric acid etch in a pressure 
weld is attributed by the writer and his co- 
workers to the presence of submicroscopic voids. 
Further experimentation has led the writer to 
believe that the same is true of the pits found along 
the boundaries of overheated austenitic grains. 

As the authors have stated, the type of atmo- 
sphere does not appear to have any bearing on the 
extent of overheating. The writer has heated 
samples in hydrogen, in nitrogen, in argon, in 
oxygen, in air, and in a vacuum, with identical 
results. The oxygen atmosphere, owing to the 
rapid formation of iron oxide, had a tendency to 
heat the sample above the furnace temperature 
and this point had to be carefully watched. 

The writer cannot accept the authors’ statement 
that ‘“‘the mechanism of overheating must there- 
fore involve a diffusion process within the austen- 
ite grain. It is not clear what the diffusing 
element or elements are, nor whether diffusion is 
to or from the boundary.” ‘To begin with, the 
authors have stated that small specimens show 
evidence of overheating after only 5 min. exposure 
to high temperature. The writer has noted that 
14 min. at high temperature have been sufficient to 
produce an overheated-grain pattern, and that 
many welds (particularly those made in §8.A.E. 
4340 type steel) will show overheated-grain 
patterns in the heat-affected zone of the weld,t 
which could have been at temperature for only a 
few seconds. Since diffusion is a process involv- 
ing considerable lengths of time, it would appear 
most improbable that any element, with the 
possible exception of the very light elements, 
would diffuse either to or from the grain bound- 
aries so rapidly. Further, when true burning 


* Tho electrolytic phosphoric acid etch, originally developed by the writer and his co-workers for use in the 
examination of pressure welds, is discussed in “‘ Fundamentals Affecting the Bond in Pressure Welds,” by L. Fine, 
C. H. Maak, and A. R. Ozanich, Journal of the American Welding Society, 1946, vol. 25, June, p. 519. 

+ Incidentally, this can be a contributing cause for the poorer physical properties attributed to the heat-affected 


zones in arc welds. 
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sets in, the overheated-grain pattern disappears 
and is replaced by large voids occurring between 
the grains; if diffusion actually took place, one 
would expect the accentuation of the reaction 
and not its disappearance at higher temperatures. 

The writer believes that the submicroscopic- 
void theory is more consistent with the evidence. 
For example, when burning or melting * occurs, 
it would be anticipated that the submicroscopic 
voids would disappear, owing to surface energy 
forces, | and be replaced by large voids such as 
are present in poor-quality castings. It may also 
be pointed out that if a pressure weld with a line 
of pits developed by the phosphoric acid etch be 
heated well into the overheating range and air- 
cooled, the line of pits at the weld-plane will 
disappear, and a series of pits will occur around 
the prior austenitic - grain boundaries. It is 
believed by the writer that the submicroscopic 
voids disappear from the weld-plane because the 
high temperature decreases the plastic strength 
of the material sufficiently to permit complete { 
closure by surface-energy forces. However, 
although the same forces are at play at the 
austenitic grain boundaries, some other reaction 
is occurring which counteracts their effect. <A 


possible hypothesis is that in the overheating- 


temperature range melting begins at the grain 
boundaries at a much lower temperature than 
within the body of the grains; these minute 
molten particles of material expand in melting, 
causing the grains to become slightly separated, 
and upon subsequent cooling and solidification 
leave a series of submicroscopic voids in the 
grain boundaries. This hypothesis nicely fits the 
fact that slow cooling eliminates the overheating 
effect, whereas faster cooling increases it. One 
can logically reason that in slow cooling, after the 
molten particles resolidify, the surface-energy 
forces can come into play and cause closure of the 
voids if given sufficient time. 

This hypothesis can also explain why, when 
burning or melting occurs, the pits disappear. 
If, in addition to the grain boundary, portions of 
the grain itself begin to melt, it appears reasonable 
to suppose that the molten particles at the weld- 
plane would unite with the molten portion of the 
grain and act as a unit, which upon solidification 
produces macroscopic voids generally surrounding 
the grain boundaries. These large voids can be 
expected, because, as pointed out by Jominy, the 
internal portion of the steel can melt while the 
outer surface remains solid owing to its higher 
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melting point due to decarburization. This 
internal melting causes a large increase in volume 
and the molten material does not resume its 
former size on cooling, since the outer surface is 
never molten and forms a hard, solid shell into 
which the inside must accommodate itself. Simce 
the inside upon solidification will occupy a much 
smaller volume than that available, it is to be 
expected that voids will form and, since solidifi- 
cation proceeds outwards from the grain centre, 
that they will surround the grain boundaries, as 
in Fig. U; in this example some of the voids were 
extremely large and were visible before etching. 

Overheating versus Burning of Steel.—It follows 
from the foregoing that a burnt steel is one that 
has undergone melting not only at the grain 
boundary but also in the body of the grain. It 
will show voids visible under the microscope 
without etching; they may be located only 
at the previously existing grain. boundaries. 
Among the metallographic characteristics of 
burnt steel is the disclosure of the prior austenitic 
grain boundaries in a nital etch as shown in Fig. 
V, or in an alkaline chromate etch as shown in 
Fig. W, and often a diffusion of the inclusions to 
the grain boundaries (if sufficient time at burning 
temperature is permitted) as shown in Fig. X. 
Some diffusion of the inclusions can also occur in 
overheated steels, but the temperature. is usually 
too low for their rapid movement. Other com- 
mon characteristics of burnt steel are porosity, a 
dendritic pattern, and segregation of alloying 
elements. The principal indication of burning is, 
however, the presence of large voids. 

Burnt steel cannot be repaired by heat-treat- 
ment alone, since the closure of large voids is 
impossible; it must be reforged. 

Overheated steel, on the other hand, cannot be 
detected under the microscope except by using 
special etches, such as the nitro-sulphuric etch 
and the electrolytic phosphoric acid etch (and 
possibly several of the others mentioned by the 
authors). Overheated steel should not show any 
microscopic voids and should be free from inter- 
granular precipitation of inclusions. Overheated 
steel, if it is not partially burned, can be repaired 
by heat-treatment alone. It should be remem- 
bered that the transition from a steel at high 
heat through one at overheat to one at burning 
temperatures is gradual and that one must use 
discretion in making a decision. It certainly is 
possible to have all three conditions present in 
different parts of even a small sample. 


* The terms burning and melting can be used synonymously, as Jominy pointed out in his excellent work on this 


subject. 
+ Fine, Maak, and Ozanich, loc. cit. 


{ The word “ complete ” is used here in its practical sense. 


until melting occurs. 


Theoretically, ‘‘ complete ” closure cannot take place 
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AUTHORS’ 


Mr. Mercuant wrote in reply: Dr. Jenkin has 
suggested that the evidence in my paper for the 
effects of time and atmosphere on overheating is 
not conclusive. With regard to the effect of time, 
I intended to imply that this was important from a 
practical point of view in heating steel for forging. 
For instance, Mr. Preece and his co-workers have 
shown that there is a wide variation in the over- 
heating temperature of different casts of steel, 
even of the same specification; they have also 
shown (see Figs. 27 and 28 of their paper) that soak- 
ing time has an appreciable influence on facet size ; 
thus it is obvious that steel with a low incipient 
overheating temperature will respond to the effect 
of undue soaking time at what have hitherto been 
considered normal temperatures for heating for 
forging. : 

With regard to the effect of furnace atmosphere, 
recent researches have shown that this has no 
effect on the overheating properties of steel, but 
Mr. Goodrich’s suggestion that a strongly oxidizing 
and turbulent atmosphere results in hot-spots in 
the furnace is a point to be well watched in 
preventing overheating. 

Mr. Preece mentioned that he had not seen 
coloured films on overheated fractures; I have 
seen these films on newly fractured overheated 
specimens quite often, but they sometimes appear 
to fade quickly with time. 

Mr. Preece also thought that “ crozzling ”’ is of 
very doubtful value for assessing overheating. I 
agree that it indicates mainly the grain-size 
obtained by the austenite during heating, but 
surely such grain-sizes as those of the order of 
0 to —3 (A.S.T.M. grain-size number) are an 
indication of excessive grain growth and probable 
overheating. The “crozzling”’ test has its dis- 
advantages, and is not conclusive, but it is still the 
only non-destructive test which gives an indication 
of overheating. During the war it was satisfac- 
torily applied as a pre-selective test for overheating 
by the leading aircraft manufacturers in Great 
Britain. 

Neither Dr. Jenkin nor Mr. Preece favours the 
use of fracture standards. It is agreed that there 
is a wide variety of granular fractures which can 
be produced according to the overheating proper- 
ties inherent in the steel, with a consequently 
widely different effect on the embrittlement of the 
steel. Nevertheless, under the stress of war con- 
ditions, standard fractures were more or less 
satisfactorily employed both in Britain and in the 
U.S.A. for determining freedom from detrimental 
overheating in drop-forgings. Unless steel can be 
produced with a known and guaranteed high 
incipient overheating temperature, the testing of 
each cast for susceptibility to overheating, and the 
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checking in consequent production, with all its 
elaborations, must become a routine matter for 
the manufacturers of high-quality steel drop- 
forgings. 

I was very interested to see that both Mr. Preece 
and his co-workers and Messrs. Woolman and 
Kirkby reported some experiments on the effect 
of forging on overheated steels. Although both 
groups of workers conducted experiments on 
material heated 75°C. above the incipient over- 
heating temperature, the results obtained differ 
somewhat in that Mr. Preece and his co-workers 
found evidence of overheating after forging, 
whereas Messrs. Woolman and Kirkby concluded 
that the effect of forging is apparently to raise the 
overheating temperature some 75—100° C. in the 
steel they used. Their conclusion is in line with 
my experience, and from a practical point of view 
the importance of sufficient hot-work cannot be 
stressed too much. However, I would like to 
suggest that some research be undertaken on the 
effect of light amounts of forging, such as would 
effect less than the equivalent of a reduction of 
area of 30%. — 

With reference to Mr. Hartley’s comments on 
my suggestion that overheating could not be 
caused by a transient increase in temperature on 
forging, it is thought that the good effects of hot- 
work in reducing or eliminating overheating would 
probably more than off-set any ill effects due to 
such a transient increase in temperature. 

I was somewhat disappointed to find no mention 
in the other papers of the effect of overheating on 
the fatigue properties and, apart from some useful 
work by Mr. Preece and his co-workers, little 
mention of the ordinary static mechanical proper- 
ties. The information supplied in the discussion 
by Mr. Hinde and Mr. Frith on the fatigue life of 
overheated connecting rods was therefore very 
welcome. Fracture tests and metallographic ex- 
amination may be very useful in detecting over- 
heating, but due regard should be paid in any 
future work to the mechanical properties, which 
are, after all, still the main criteria of service- 
ability. 2 ‘ 


Mr. Presce, Mr. Hartiey, Mr. Mayer, and 
Mr. Nurrine wrote in reply: We wish to thank 
all those who contributed to the discussion. The 
large number of contributions is encouraging 
and at the same time indicates the importance 
of the subject. ATF 

In writing our paper we resisted the tempta- 
tion to theorize and confined ourselves to a 
statement of experimental results. No conclu- 
sions were made unless they were clearly indi- 
cated; we cannot, therefore, accept Dr. O’Neill’s 
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final reference to a “ delightful vagueness of the 
papers.” ' 

We think the statement by Mr. Goodrich that 
‘rapid cooling through the upper critical range was 
necessary to produce the granular type of frac- 
ture,” is misleading. There is nothing funda- 
mental in this rapid cooling, and with certain 
compositions of steel the characteristic fracture 
can be produced without it, as shown by Mr. 
Woolman and Mr. Kirkby. 

Replying to Mr. Goodrich’s contention that he 
would have expected a greater degree of over- 
heating on prolonged soaking, we would em- 
phasize that this development of the overheated 
structure should be considered as a diffusion pro- 
cess taking place, not at a constant temperature, 
but during the cooling through the overheating 
range. We have shown that the rate at which 
this cooling takes place has a profound influence 
on the diffusion, and would quote our experi- 
ments on resuscitation as evidence. 

The main difficulties in accepting Woolman 
and Kirkby’s precipitation theory are : 


(1) The complete absence of experimental 
evidence to support it, 

(2) The number of further assumptions that 
have to be made when their theory is used to 
explain experimental results. 

(3) The failure of the theory to explain the 
response of overheated steels to tempering 
effects. j 


We disagree with Mr. Woolman and also with 
Professor Thompson and Dr. O’Neill who inter- 
pret Fig. 5(d) in our paper as evidence of a corre- 
lation between nitrogen content and overheating 
temperature. A statistical examination of the 
plots in Fig. 5(d) gives a correlation which cannot 
be regarded as significant. We therefore see 
no reason why we should not adhere to our 
original statement. We also think that the 
evidence in Table II. in Woolman and Kirkby’s 
paper, and referred to by Dr. O'Neill, is quite 
insufficient for any valid conclusion regarding 
the effect of nitrogen. 

Concerning Mr. Woolman’s statement on the 
influence of oxygen and sulphur on overheating, 
we think that the important factor here is not so 
much the actual solubility, but rather the change 
of solubility with temperature. 

In considering Professor Thompson’s argument 
that overheating can, in some undefined way, be 
ascribed to a concentration of gas at the austenite 
boundaries, it is difficult to account tor the 
results obtained with steels of a high oxygen 
content. It is problematic also that sulphur 
dioxide would be formed in preference to carbon 
monoxide by the action of the respective elements 
with ferrous oxide since it is known that carbon 
will burn in sulphur dioxide. Also, when sulphur 
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dioxide and ferrous oxide are brought together 
at high temperatures, a reaction occurs in which 
sulphur and ferric oxide are formed. 

Dr. Sutton has raised a very important prac- 
tical point with regard to the influence of case- 
hardening in masking the overheated condition, 
especially in connection with fatigue properties. 
It is unfortunate that so little information is 
available on this particular subject. 

Electromagnetic tests have been found to be 
unsatisfactory for detecting overheated steels, 
but the magnaflux method will indicate burnt 
steels where intergranular oxidation has produced 
discontinuities in the surface. 

The fact that Mr. Hinde did not find a single 
service failure that could be attributed to over- 
heating is further evidence in support of our 
results, which showed that an appreciable degree 
of overheating could take place before the 
mechanical properties of the steel were seriously 
affected. This fact emphasizes the need, not so 
much for a test to detect overheating, but rather 
to indicate just when the overheating has reached 
a stage where deterioration in the mechanical 
properties is important. 

In agreement with Mr. Hinde’s results we also 
found that with some specimens of burnt steel 
the nitro-sulphuric etch gave white boundaries. 
One specimen was rather interesting in this 
respect: It gave white boundaries with nitro- 
sulphuric acid in the as-cooled condition, but after 
heat-treatment the normal black boundary struc- 
ture was apparent. It is interesting to note that 
this specimen also gave similar results with the 
nitric-acid/picric-acid reagent, but with ammon- 
ium nitrate, heat-treatment had no influence, the 
boundaries being black in both conditions. 

Mr. Frith’s contribution is most valuable, pro- 
viding much needed information on the fatigue 
performance of overheated steels. We hope that 
he will continue this work and publish his findings 
in due course. 

We welcome the contribution from Professor 
Austin and wish to acknowledge the help obtained 
from his earlier publication. 

Thanks are due to Professor Bastien for his 
clear description of the various stages of over- 
heating. Our results on resuscitation, which show 
that slow cooling (3° C./min.) or quenching 
through the overheating range tends to suppress 
overheating, answer in part the question he 
raises on slow cooling. 

Mr. Bucknall seeks an explanation of over- 
heating on the basis of 5-ferrite precipitation, but 
it would be surprising if the 5 zone extended to 
the lower overheating temperatures. 

The point raised by Dr, O’Neill regarding the 
correlation between nitrogen content and over- 
heating temperature has been dealt with earlier. 
Through the kindness of Mr. Burns, of the 
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Admiralty Engineering Laboratory, micro-hard- 
ness tests have been carried out on overheated 
steels using a 100-g. load, but unfortunately the 
results were received too late for inclusion in the 
paper. They showed, however, no difference in 
the hardness between the boundary and the 
remainder of the grain. / 

Dr. Waterhouse referred to a paper by Jominy 
and Strohm. We had not had an opportunity 
of reading it before our own paper was pub- 
lished but have now done so and find that our 
own results are generally in agreement with those 
of the American workers. 

In reply to Mr. Cooper we would say that a 
solution of this problem of overheating is proving 
very difficult as there are so many variables 
which might interfere but which are not easy to 
eliminate. In our own work we have examined 
almost a thousand specimens which have been 
treated under very carefully controlled experi- 
mental conditions and even after this vast amount 
of experimental work we are still unable to give a 
satisfactory explanation. 

We thank Dr. Desch for drawing attention to 
the use of conical illumination for revealing the 
flow lines due to incipient fusion; we have not 
yet used this method. We have tried electrolytic 
polishing on a number of specimens but so far 
it has not shown any particular advantage. 

We failed to obtain a structure on overheated 
steel with the chromate etching reagent referred to 
by Mr. Meikle; some progress is, however, being 
made with an alkaline chromate and perman- 
ganate reagent described recently by Hall.* 

We thank Dr. Norbury for pointing out the 
excluding feature in connection with the two 
exceptions in Fig. 6. We appreciate his keen 
interest in our work. 

Mr. Burns has drawn attention to certain 
steels in which overheated structures were not 
developed at temperatures below that at which 
burning occurred. These steels are most impor- 
tant and are being carefully examined, but, though 
the evidence so far obtained suggests that these 
steels cannot be overheated, the examination is 
not yet complete. 

The occurrence of overheated structures in 
flash-welded sections is not surprising even under 
conditions of rapid cooling, as the latter is not as 
effective as very slow cooling in suppressing the 
development of the overheated structure. 

A comparison of grain growth and overheating 
characteristics as suggested by Mr. Burns should 
prove very interesting and will be examined as 
soon as opportunity permits. 

It is not quite clear from Mr. Kirkby’s con- 
tribution whether the variation in the clearness 
of the structure obtained in the nitro-sulphuric 
etch refers to specimens of the same or of different 


313 P 


steels. We found wide variations from steel to 
steel but not with specimens from the same bar. 
It has been noted, however, that the boundary 
structure is more clearly developed by this etchant 
when the steel is slightly deformed or cold-worked 
before etching. 

While acknowledging the importance of a nor- 
malizing treatment as described by Mr. Kirkby, 
the fact that there was no change in the Izod 
values of steels heated below the overheating 
temperature (even when the latter was above 
1375° C.) is evidence that grain growth in this 
particular instance has had no influence. Con- 
sequently these figures would not be modified by 
the treatment described by Mr. Kirkby. It is 
agreed, however, that in cases where coarse 
structures are experienced it would be necessary 
to carry out such a treatment. 

We do not agree wjth Dr. Colombier’s state- 
ment that considerable grain growth is necessary 
before the nitro-sulphuric etchant reveals the 
structure. We have satisfactorily etched very 
fine overheated structures obtained in tests with 
less than five minutes’ heating. 

We support in full Dr. Colombier’s happy 
reference to future collaboration across the 
Channel. 

The contribution from Dr. Kondic and Dr. 
Wheeler is of interest. We would explain that 
the appearance of the fracture obtained in the 
as-heated condition cannot be taken as a test for 
overheating as the steel must be toughened by 
appropriate heat-treatment. In the particular 
case quoted we would ask “‘ Can the 40% decrease 
in elongation and reduction of area be attributed 
to grain growth ? ”’ 

Mr. Walker’s method commends itself to us as 
a rapid and simple way of determining the mini- 
mum overheating temperature. We think that 
it could be used most effectively as a routine test 
in a works laboratory. 

The coarse structure obtained at 1365° C. is 
difficult to understand. We have carried out a 
large number of experiments on grain growth in 
these temperature regions, but have not expe- 
rienced anything of that nature in our work. 

The “ white spots ”’ referred to by Mr. Honey- 
man are found in steels which have been heated 
to very near the burning zone. A non-metallic 
inclusion is almost invariably found at the centre 
of these white areas. 

We agree that ingot size has an important 
influence on the distribution and size of inclu- 
sions. Apart from heterogeneity produced durirg 
solidification, the more rapid cooling of the 
smaller ingot, even after solidification, would 
result in a finer sulphide particle. The steels 
used in the present investigation, with a few 
exceptions, were rolled from ingots which varied 


* A.M. Hall, Metal Progress, 1946, vol. 50, No. 1, p. 92. 
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in size from 25 to 29 cwt., and where it was 
possible to compare two steels of the same sulphur 
content, but with the difference in ingot size quoted 
above or even with a variation of from 25 to 35 cwt., 
the inclusion counts were similar. 

In our opinion, the photomicrograph (Fig. M) 
shown by Mr. Evans, does not invalidate our 
views regarding the correspondence between the 
grains shown by the fracture and the etched 
boundaries. Our contention does not mean that 
the fracture must be intergranular along its whole 
length and breadth. The path followed by the 
fracture will surely depend upon the irregular 
nature of the boundary and its relative weakness, 
and unless the latter is very great there will be 
occasions when the line of least resistance will 
cut through the grains. 

While agreeing with Mr. Lewis that the general 
term “overheating”? does not properly define 
the structural changes which take place, we 
consider “‘ pseudo-overheating ”’ equally unsatis- 
factory. 

Mr. Lewis deprecates the use of seven etching 
reagents but, surely, in dealing with these unusual 
and incompletely understood structures the very 
fact that they can be revealed by different etching 
reagents is an advantage. 

In considering evidence obtained by a statis- 
tical examination of results so far obtained, we 
have drawn attention to the limited number of 
observations available. From our calculation of 
partial coefficients we did not feel justified in 
concluding that the oxygen content of the steel 
could be neglected. We thought it inadvisable 
to separate the open-hearth and electric steels, 
since we had found as wide a variation in over- 
heating properties in each as between the two 
kinds. 

We were interested in the micrographs obtained 
by Mr. Fine in his work on welded structures. 
We do not agree with his conclusion that the 
austenitic boundary of overheated steel con- 
sists of a series of sub-microscopic voids, and 
draw attention to the continuous boundary re- 
vealed by the ammonium nitrate etchant as 
evidence in support of our views. 

Mr. Fine’s difficulty in accepting the diffusion 
theory would be overcome if it were appreciated 
that the diffusion occurred not at the soaking 
temperature but during the cooling through the 
overheating range. 


Mr. GoopricH wrote in reply: The quality 
and quantity of the contributions to the dis- 
cussion of the papers submitted is very gratify- 
ing. So many useful views and suggestions were 
expressed that it is impossible to discuss them all 
without embarking on a lengthy dissertation. I 
was, however, particularly interested in the com- 
ments of those contributors who made reference 
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to the correlation of fatigue strength and degree 
of overheating or burning, particularly the data 
submitted by Mr. P. H. Frith in connection with 
the investigations carried out in the laboratories 
of the Bristol Aeroplane Co., Ltd. From the 
photographs accompanying his contribution we 
should definitely classify grades H and Ff as 
so grossly overheated that they could be justifi- 
ably referred to as burnt; even grade D 
would appear to be at least grossly overheated. 
It is possible that Mr. Frith had himself come to 
this conclusion, as towards the end of his con- 
tribution he states that it was decided not to 
carry out any more tests with grades H and F. 
Keeping this view in mind, therefore, it is of 
considerable interest to observe that the steel 
can be in a distinctly overheated condition and 
yet show no marked deterioration in fatigue 
properties. 

Professor Bastien’s comments were of consider- 
able interest and in most cases coincide with my 
own views. I would, however, like to point out 
that where he quotes me as indicating “ that 
comparatively rapid cooling in the upper critical 
zone is necessary for the development of the type 
of granular fracture in question” he has not 
differentiated between the bright granular fracture 
depicted as D in Fig. 1 of my paper with the dull 
grey granular facets of fracture H in Fig. 1. 
These latter facets are those customarily encoun- 
tered when dealing with overheated material and 
we consider that for their formation comparatively 
rapid cooling through the upper critical zone is 
necessary. 

Mr. EK. H. Bucknall’s reference to the possible 
influence of precipitated 5 ferrite partly expresses 
what I had in mind when I referred in the paper 
to the possibility of a phase-change being a con- 
tributory feature towards the formation of an 
overheated structure, rather than incipient fusion 
or precipitation of some constituent at the grain 
boundaries. In this connection it would be of 
considerable interest to ascertain the extent to 
which the temperature of the first appearance of 8 
ferrite is affected by the presence of non-metallic 
inclusions. 

With reference to Dr. G. B. Waterhouse’s con- 
tribution, I quite agree that present evidence 
indicates that if the zone of the solidus is reached, 
burning results. I do, however, think he has 
made a wrong assumption when he states ‘I 
rather think these authors feel that the over- 
heating has caused some action at the grain 
boundaries which cannot be overcome by sub- 
sequent heat-treatment.” I am sure we are all 
agreed that the faceted fracture of overheated 
material can be eradicated by further forging and 
repeated heat-treatments but neither of these 
processes will restore burnt material. 

I am in general agreement with most of Mr. 
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H. W. Kirkby’s remarks, but I must take excep- 
tion to the first of his two definitions of over- 
heating. According to this, a forging soaked for 
a long enough time at a few degrees above the 
upper critical temperature would be classified as 
overheated. } 

In Mr. A. Hartley’s written contribution he 
states that I find the electrolytic ammonium 
nitrate etchant unsatisfactory. What I actually 
said was that I did not find it gave consistently 
satisfactory results by comparison with 2°% nitric 
acid or 10% nitric and 10% sulphuric reagents. 
I was glad to notice, however, that he agreed that 
the 2% nitric acid reagent gave white boundaries 
and white pools in the interior of the crystals of 
overheated steel in the air-cooled condition and 
that those boundaries and pools appear to etch 
dark in tempered specimens. This confirms my 
own evidence, but I can assure Mr. Hartley that 
it can be produced with overheating temperatures 
even below 1400° C. 

In conclusion, I would like to take this oppor- 
tunity of thanking all the contributors to the 
discussion, not only for their remarks but also for 
the interest they have shown in the papers 
submitted. 


Professor THompson and Professor STANTON 
have no reply to make. 


Mr. Wooitman and Mr. Kirxsy wrote in reply : 
The interesting discussion which the various 
papers have provoked is an indication of the 
importance of the subject, and illustrates the de- 
mand for an improved understanding of the pheno- 
menon of overheating. We had endeavoured 
to trace certain factors involved in the process 
of overheating and we feel that our results 
are illuminating in several respects. With regard 
to Dr. Jenkin’s opening remarks (several others 
have also raised the point), it was not true to say 
that we were reluctant to accept Mr. Preece’s 
refutation of any correlation between the actual 
austenitic grain-size and incipient overheating 
temperature. We confirm this lack of correlation 
in our section (9), and Mr. Preece also agrees 
with our section (6) (d) in that the austenitic 
grain-size, the facet size, and the network size in 
the etched structure appear to be identical. That 
size, however, bears no relation to the minimum 
overheating temperature. It is possible that the 
misconception has arisen from the arguments put 
forward on p. 270 P which gave rise to the 
subsequent experiments. 

There is little in Mr. Preece’s results and con- 
clusions which are not in agreement with our 
own. As regards our theory of the grain-boundary 
precipitate, the fact that it has not been seen may 
be due in general to its extreme fineness, although 
grain-boundary inclusions are sometimes observed 
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in very severely overheated structures. Also, the 
fact that the grain boundaries sometimes appear 
to have appreciable width when etched in certain 
reagents (a statement also made by Mr. Good- 
rich) is not antagonistic to the theory and is 
merely an etching effect. A similar phenomenon 
is sometimes observed in over-etched austenitic 
steels in a highly susceptible condition for inter- 
crystalline corrosion which is also a phenomenon 
associated with grain-boundary precipitation. An 
alternative explanation is that the wide etched 
zone may represent the zone from which the 
precipitate has been derived. As regards Table L., 
the results of which Mr. Preece considers un- 
expected, we can only offer the explanation already 
given in the paper. 

Professor Thompson’s remarks are interesting 
and we should be prepared to agree completely 
with him that gases may be playing the part he 
suggests in the phenomenon of overheating, if it 
were not for the fact that whatever it is that 
causes the phenomenon does not make its pre- 
sence felt at the overheating temperature, but only 
on cooling from that temperature. If, however, 
the products of the reactions suggested are soluble 
at the overheating temperature and less soluble 
at lower temperatures, precipitation at the grain 
boundaries might be expected in the manner he 
puts forward. 

We are in general agreement with Professor 
Bastien, except that we assert that the sus- 
ceptibility to overheating is not a function of the 
grain-growth characteristics, albeit that the faceted 
fractures are related to the actual grains existing 
at the overheating temperature. As regards the 
apparent different response of quick cooling in 
Mr. Goodrich’s and in our own experiments, the 
former are based on fracture tests in the hardened 
condition. As previously pointed out, true over- 
heating can only be ascertained by fractures on 
steel in the toughened condition. 

We agree with Mr. Bucknall that it is possible 
to see faceted fractures five or ten times the 
actual grain-size of the finished product, or of the 
austenitic grain-size as determined by. the 
McQuaid-Ehn test. We have tried to emphasize 
that the faceted size corresponds to the grain-size 
at the actual and overheating temperature, and 
that any subsequent refining treatment, whilst 
affecting the final grain-size, does not obliterate 
the previous boundary material or whatever it is 
that is responsible for the faceted fracture. 

Mr. Bucknall’s suggestion that the 6 phase may 
play a part in the phenomenon of overheating is 
interesting, but it is hardly feasible, since it 
cannot explain the overheating which occurs in, 
say, 14% carbon steel where 6 ferrite is not 
formed. Evenif6 ferrite were formed it would not 
explain the persistence of facets when samples are 
well soaked at temperatures well below the 6 range. 
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We do not understand Mr. Cooper’s comments. 
He will find much that is new in the papers 
submitted and it should be pointed out that, 
whilst certain facts regarding overheating were 
suspected four years ago, they had never been 
definitely established and some things which were 
thought to be important at that time have now 
been proved to have no bearing on the subject. 

Dr. Wrazej appears to be confusing overheating 
as judged purely by grain-size and that revealed 
by faceted fractures. With regard to the avoid- 
ance of a critical degree of forging and tempera- 
ture, this is best ensured by not using too high 
a temperature of reheating for forging and by not 
finishing the forging at too high a temperature. 
An initial forging temperature that is too high 
may give rise to faceted fractures, whilst a high 
finishing temperature, if below the overheating 
range, would produce a coarse “ as-forged ” 
grain-size. 

We have tried the reagent mentioned by Mr. 
Meikle on several samples which had shown a 
positive response to the nitro-sulphuric etch, but 
it did not reveal any abnormality. 

The discrepancy referred to by Mr. Hartley 
between the published equilibrium diagram and 
our data for minimum overheating for a carbon— 
chromium steel, calls attention to the inaccuracy 
of many published equilibrium diagrams of which 
the chromium diagram would appear to be one. 

We were very interested in Dr. Colombier’s 
contribution, but do not agree with him in his 
rejection of the precipitation theory. It is, of 
course, easy to visualize a greater concentration 
of impurities at grain boundaries and it is not 
even necessary to invoke the action of surface 
tension in this respect. If, however, this were 
simply the explanation of overheating, it would 
not account for the effect of different rates of 
cooling on the phenomenon. The influence of 
silicon and phosphorus on the minimum over- 
heating temperature may be explained by their 
possible effect on the solubility of the precipitate 
in austenite at various elevated temperatures. 

' It is doubtful whether a definition of over- 
heating based on the mechanical properties, as 
suggested by Dr. Kondic and Dr. Wheeler, would 
be accepted, although this has some attraction 
from the practical point of view. The difficulty 
would be in defining the reduction in properties 
considered as representing the initiation of over- 
heating, since this would have to be determined 
on material from the same cast which had been 
given the same degree of reduction in hot work- 
ing and which had not been subjected to over- 
heating. Our definition of overheating has the 
merit of being precise. Regarding their remarks 
concerning two  nickel—-chromium—molybdenum 
steels, it is not clear whether the faceted fractures 
referred to are really due to overheating, since 
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the specimens were no doubt fractured in the 
hardened condition. As previously emphasized, 
true overheating can only be determined by frac- 
tures of toughened material. Large grain-size 
itself may adversely affect ductility without 
evidence of overheating being present. 

With regard to Mr. Evans’ remarks it is not 
clear whether faceted fractures on cast material 
are of the same nature as those on forged material. 
In some cases they may be so, and the conditions 
of relatively slow cooling from a high temperature 
are conducive to precipitation effects, which we 
suggest are responsible for the faceted fractures. 
On the other hand, in castings there is always a 
pronounced heterogeneity of structure which will 
also tend to produce complications in the fractured 
surface and give the appearance of faceted frac- 
tures. Such effects would be expected to be 
removed to some extent by heating at tempera- 
tures of the order of normal forging temperatures. 

Mr. Lewis appears to have misinterpreted our 
references to effect of aluminium additions. The 
increase in grain-size associated with aluminium 
additions at temperatures of the order of 1200- 
1250° C. should not be confused with inherent fine 
grain-size which usually results with aluminium- 
treated steel when heated at temperatures of the 
order of 900—950° C. Whilst aluminium-treated 
steel may be fine-grained at the temperature 
employed for the McQuaid-Ehn test, it may have 
a coarser grain at higher temperatures than 
material not grain-size-controlled. As regards 
Table VI., the figures quoted were percentage 
additions of aluminium in the ingot. That the 
influence of aluminium additions depends on the 
condition of the bath is well known. We assumed 
that the condition of the steel in the four ingots 
from the same cast would be reasonably the same 
prior to the addition of the extra aluminium. 

We are not clear as to his reference to the 
“austenitic grain-size at the reheating tempera- 
ture.” This implies the actual size of the aus- 
tenitic grains at the temperature and, of course, 
bears no reference to the so-called austenitic 
grain-size or inherent grain-size as determined 
by the McQuaid-Ehn test. 

Regarding Mr. Fine’s very interesting con- 
tribution, it is not possible to comment on his 
experiments with NE 8735 steel without a know- 
ledge of the actual rates of cooling or the size of 
the pieces tested. His alternative theory of over- 
heating is ingenious and merits serious considera- 
tion, but there is some doubt as to whether it can 
be justified. In the first place it is diffieult to 
visualize how the pronounced influence of sulphur 
and oxygen can be explained on this theory. 
Secondly, it does not explain the prevention of 
faceted fractures by very rapid quenching from 
the overheating temperature, a fact which has 
been definitely established both by Preece and 
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his co-workers and by ourselves. Again, it cannot 
explain the results of quenching from different 
temperatures below the overheating temperature 
as shown in Table I. of our paper. The effects of 
the electrolytic phosphoric etch showing pitting 
at grain boundaries need not be due to voids. It 
may just as well be due to attack of a precipitate, 
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and Mr. Fine’s photomicrograph in Fig. X shows 
how inclusions may be shown to be present at grain 
boundaries when the overheating temperature is 
very high. Tho fact that such inclusions have 
been identified as manganese sulphide is most 
interesting in view of our own indications men- 
tioned at the end of our paper. 
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THE DETECTION OF CRACKS IN STEEL BY MEANS 
OF SUPERSONIC WAVES. 


By C. H. DESCH, F.R.S., D. 0. SPROULE, M.Sc., F.Inst.P., and W. J. DAWSON, A.Mer. 


(Figs. 7 to 35 = Plates XXI. to XXX.) 


Paper No. 17/1946 of the Alloy Steels Research Committee (submitted by the Hair-Line Crack 
Sub-Committee). 


SYNOPSIS. 


Section 1 reviews previous methods of detecting flaws in steel by means of sound waves, especially of high 
frequency. A short account of a method of measuring damping of oscillations of high frequency and very 


small amplitude is included. 


Section 2 describes apparatus employing piezo-electric quartz transmitters for producing intermittent 
pulses of supersonic waves and receiving them on similar quartz crystals after reflection, the reflected waves 


being electrically amplified and indicated on a cathode-ray oscilloscope. 


The conditions for obtaining sharp 


indications are discussed, as well as the effects of the degree of finish of the metallic surfaces under examination. 
In Section 3 are given the results of applying the new method in works practice, including large masses, 


billets, plates, castings, and welds. 


The conditions necessary for the satisfactory use of the apparatus for 


practical testing are discussed. It is maintained that supersonic testing should be regarded primarily as a 
new instrument of investigation, giving information which cannot at present be obtained by more usual 


methods. 


Section ].—Introductory.* 
By C. H. DESCH, F.R.S. (WarreHEaD Iron anp Street Co., Lrp., Newport, Mow.). 


Sounp waves have long been used as a simple 
means of detecting flaws in steel, a familiar 
example being the tapping of railway wheels with 
a light hammer. The ringing note given out by 
a sound mass of steel becomes dull or harsh when 
a crack is present, and the unpleasant sound of a 
cracked bell is proverbial. Such a crude method 
serves only to detect gross flaws, as sound waves, 
being large in comparison with most of the defects 
likely to occur in practice, find their way round 
the obstacle. Various attempts have been made 
to make the test more sensitive, including the use 
of a stethoscope, but tests at the National Physical 
Laboratory showed the method to be entirely un- 
trustworthy. 

So-called acoustic methods of testing have 
therefore little importance, but by shortening the 
wavelength until it is comparable with the 
dimensions of the flaws to be expected an entirely 
new range of sensitiveness is reached. These 


short waves are known as “supersonic” or. 


‘‘ ultrasonic’ waves, the former term being pre- 
ferable. As produced by modern methods their 
wavelengths in air range from 1-6 cm. to 0-6 X 
10-° cm., as compared with 130 cm. for the 
middle C of the piano. The velocity of sound in 


steel being nearly 16 times as great as in air, the 
wavelengths become : . 


At 20,000/sec., 25:1 mm. 
At 5 x 108/sec., 0-01 mm. 


Wavelengths between these values are generally 
used. 

There are two principal methods of producing 
supersonic waves, depending on magnetostriction 
and on the piezo-electric effect respectively. In 
both methods advantage is taken of the fact that 
when an alternating potential is applied to a mass 
of suitable material an expansion takes place 
during one-half of the wave and a contraction 
during the other. A magnetostriction oscillator 
is of nickel or a nickel alloy, whilst a piezo-electric 
oscillator is of quartz or less often of tourmaline. 
The exciting circuit, tuned to the natural fre- 
quency of the oscillator, is provided by a ther- 
mionic valve. For high frequencies one of the 
harmonics is used instead of the fundamental 
oscillation. 

The first application of supersonic waves to the 
detection of flaws in metals appears to have been 
in a German patent of 1931.1 It was worked out 
in detail and applied to masses of steel up to 
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1 m. thick by Sokoloff.2 The oscillator, built up 
of a number of pieces of quartz, was placed be- 
tween two horizontal plane steel plates, the upper 
plate being in contact with the surface of the 
steel to be tested or, if that were not perfectly 
plane, with an intervening layer of mercury. 
The two steel plates were connected to the ter- 
minals of the circuit. A small flat-bottomed 
trough containing a liquid was placed on the top 
of the specimen, and a parallel beam of light 
reflected from its surface showed characteristic 
interference patterns produced by the waves, 
which could bé projected on to a screen. Ob- 
viously such a method could give only very 
general indications. 

An improvement consisted in producing a 
shadow picture of the defect.3 The specimen was 
placed vertically and the beam of waves sent 
through horizontally, being received in a trough 
containing xylene in which aluminium flakes were 
suspended. These flakes set themselves per- 
pendicularly to the direction of the train of waves. 
An internal flaw in the mass of metal deflects the 
beam and produces a dark shadow in the glisten- 
ing suspension of aluminium. When the possi- 
bility of using supersonic methods of testing was 
brought to the knowledge of the Hair-Line Crack 
Sub-Committee in November 1939 it was this 
method which was selected for experiment. A 
somewhat similar apparatus was used to examine 
the quality of joints in girders, &c., contact being 
made through water, and the same apparatus was 
used to detect laminations in sheets.* 

Much work in this field has been done in 
Russia, and as the original papers are rather in- 
accessible reference may be made to a review of 
the Russian literature. In one form of the 
apparatus a telephone receiver was used to re- 
ceive the transmitted waves for thicknesses of 
8-10 cm. and a valve voltmeter for thicknesses 
up to 30 cm. Frequencies up to 107 cycles were 
employed and only 20-50 W. were required. 
The objects to be tested were immersed in oil, 
and in this form the apparatus, which was rather 
complicated, was used to detect flaws in Duralu- 
min propeller blades and the heads of rails. <A 
photographic record of the indications could be 
obtained. 

Messrs. Henry Hughes and Son, Ltd., having 
much experience with supersonic apparatus, were 
approached by the author on behalf of the Hair- 
Line Crack Sub-Committee in April 1940, the 
shadow method of Pohlman being first considered. 
Experiment by this method failed to detect hair- 
line cracks, although gross discontinuities such as 
saw-cuts could be detected, and it was only in 
1942 that Mr. D. O. Sproule, using the principle 
of echo-sounding, devised the method which is 
described in Section 2 of this paper. The power 
required is much less than that consumed in the 
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Pohlman apparatus. As a consequence of dis- 
cussions in the Sub-Committee, supersonic testing 
sets have been supplied by Messrs. Hughes to 
a number of steelworks and laboratories, and 
practical experiences in the testing of a variety 
of products are described in Section 3 of the 
paper. 

The first demonstration of the apparatus to 
members of the Sub-Committee was on July 19, 
1943, since when there has been constant colla- 
boration between the makers of the instrument, 
the steelmaking firms, and the Sub-Committee. 

In the meantime, experiments had been in 
progress in America, the results of which became 
known in this country only after the events 
described above. They may be briefly men- 
tioned here. The Supersonic Reflectoscope, de- 
veloped by Sperry Products, Inc., makes use of 
only a single quartz crystal, which both sends and 
receives the waves, which are sent out in pulses. 
An oscillograph is used as in the British instru- 
ment. The apparatus was devised particularly 
for use on interior surfaces, and the quartz 
crystal was sometimes ground to shape to fit the 
interior of a tube, contact being made with a 
film of oil.6 For such purposes flexible leads up 
to 20 ft. long have been used with some sacrifice 
of sensitiveness, provided that the grain-size of 
the metal under test is small. With a frequency 
of 5 X 10® cycles/sec., each pulse consisting of 
only 5 waves, a 4-in. brass plate with an average 
grain-size of 0-03 mm. gave twelve successive reflec- 
tions in one experiment, with grains 0-075 mm. 
only six and with 0-105 mm. only three. 

The Sonigage,’ devised for the inspection of 
hollow propeller blades, does not measure the 
interval between emission and reception directly, 
but measures the frequency at which resonance 
is set up. 

Some of the methods mentioned in the early 
part of this introduction made use of lenses to 
concentrate the supersonic waves, consisting of 
copper lens-shaped containers holding a liquid. 
The absorption was considerable, and it has been 
pointed out’ that synthetic resin is preferable 
to copper. Experiments are being made with 
lithium, which should transmit 95-99% of the 
beam when immersed in paraffin. Spherical 
mirrors have been used in place of lenses. 

In the earlier period of this investigation, 
methods depending on the measurement of the 
damping of acoustic waves were also considered. 
Most damping methods give rather unsatisfactory 
results on account of the very great absorption of 
energy in the appliances for holding the speci- 
men, this often exceeding the absorption to be 
measured. The arrangement devised by the late 
Dr. Frommer® avoided this difficulty. Tor- 
sional oscillations were found to give results 
which were virtually independent of the fre- 
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quency and amplitude, whilst the methods of 
suspension were such as to make the absorption 
of energy in the supports entirely negligible. The 
source of power was an audio-frequency oscillator, 
in which two radio-frequency oscillators were 
arranged to give beats with a smoothly adjust- 
able frequency of from 60 to 6000 cycles/sec. A 
power amplifier with an output of 12 W. feeds 
the exciting unit. The pole tips of a polarized 
electromagnet are placed close to a small block 
of low-hysteresis alloy cemented to the end face 
of the cylindrical specimen. There is an identical 
arrangement at the further end to act as receiver. 
This is connected to a four-stage amplifier. 
Amplitudes of vibration are indicated by a copper 
oxide rectifier voltmeter and a cathode-ray oscillo- 
scope is connected across the amplifier to indicate 
the wave-form and to check the agreement of the 
vibration frequency of the specimen with the 
driving frequency. Measurements are made at 
all the torsional tones within the range of the 
apparatus. After setting the oscillator to the 
resonance frequency of the specimen the fine 
tuning control is adjusted until the amplitude is 
a maximum. The power is then shut off and the 
time taken for the amplitude to fall to half its 
initial value is taken with a stop-watch. 

It was found that if two specimens in exactly 
the same state as regards composition and heat- 
treatment were compared, one containing internal 
hair-line cracks and the other being free from 
them, the damping of the cracked was higher 
than that of the uncracked specimen, but the 
method proved to be exceedingly sensitive to 
differences of heat-treatment. This property may 
prove to be useful. The condition of the surface 
of the specimen greatly influences the damping, 
the maximum torsional stress occurring in the 
surface. Means have therefore to be taken to 
remove rust and scale and to obtain a uniform 
surface. 

With these precautions the method was found 
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to give perfectly reproducible results. The dif- 
ference in damping between the quenched and 
the tempered conditions of a steel with 0-6% of 
carbon was easily measurable and the same figures 
were obtained on repeating the cycle of heat- 
treatment. The torsional-oscillation method has 
the advantage over other means of applying the 
stress that it is independent of the frequency over 
a very wide range, and that it can be carried to 
a range of stress approaching that of the older 
methods of measuring damping, all of which 
suffer from the fact that some plastic deformation 
is always involved. Frommer’s method allows of 
measurements well within the elastic range of the 
steel. 

Although this method does not seem to be of 
general application in the detection of internal 
defects in steel on account of its sensitiveness to 
variations in the structural condition, it may 
prove a valuable means of investigating the 
changes brought about by heat-treatment. It 
has already been applied with success to the 
examination of light alloys, in which the struc- 
ture is less dependent on thermal treatment than 
is that of steel, so that the presence of internal 
defects is shown up without ambiguity. 
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Section 2.—The Supersonic Flaw Detector.* 


By D. O. SPROULE, M.Sc., F.Inst.P. (Messrs. H. Huaues anp Son, Lrp., Lonpon). 
(Figs. 7 to 16 = Plates XXI. to XXIV.) 


Part I.—IntTRODUCTION. 


§ 1. TuE use of supersonic waves for the non- 
destructive testing of materials has frequently 
been proposed since the discovery of convenient 
methods of initiating and detecting such waves. 
This possibility depends on the use of a frequency 
high enough and a wavelength short enough to 


secure rectilinear propagation of the supersonic 
radiation. This condition is reached when the 
obstacle is large in comparison with the wave- 
length and, in general, a detectable shadow is cast 
and detectable reflection occurs when the target 
has dimensions of the order of one wavelength or | 
greater. Most known materials will transmit 
supersonic waves a few millimetres or less in 
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length over a useful range of distance. Obviously 
this opens up the prospect of detecting flaws in 
the interior of bodies opaque to light. 

§2. The analogy with X-rays immediately 
springs to mind, and appears to have been the 
guiding idea in most of the work published 
hitherto. A continuous supersonic source has 
been used, and various detectors have been 
employed to reveal the shadow or echo. The 
analogy with X-rays breaks down, however, in a 
number of ways, and this accounts for the meagre 
success claimed for the above method. 

§3. X-rays are not reflected or refracted ap- 
preciably from the boundary of a solid or liquid 
medium, whereas supersonic rays are generally 
reflected and refracted heavily. This simple 
difference is of great importance in the practical 
application of supersonic waves to the detection 
of flaws. For instance, suppose that we wish to 
scan a sheet of steel or other solid by placing it 
between a supersonic transmitter and receiver in a 
liquid bath. It will be necessary for the radiation 
to be incident normally on the sheet to some 
accuracy, as total reflection will take place 
between 10° and 15° for water, oil, mercury, and 
most useful liquids. Moreover, even at normal 
incidence the coefficient of reflection at the 
liquid-solid interface will be so high that the 
energy due to direct transmission from the trans- 
mitter to the receiver will be small in comparison 
with the energy which has suffered multiple 
reflections between the parallel surfaces of the 
sheet or between the surfaces of the sheet and the 
walls of the bath. Asa result, a flaw which would 
otherwise be capable of casting an easily de- 
tectable shadow is completely obscured by these 
multiple reflections. The same difficulty is met 
with in attempting to detect an echo due to a 
flaw when using a continuous train of waves. 
This is discussed further in § 39. 

§ 4. In the device to be described here, the 
difficulty of multiple reflections is overcome by 
using a pulsing system similar to that used in a 
ship’s echo-sounder. A train of waves is sent out 
which is so short that it occupies a space less than 
the distance between the boundaries of the medium 
being investigated. Moreover, the transmitted 
and reflected wave trains are shown on a cathode- 
ray tube in such a way that they do not interfere, 
and it is possible to detect a very small echo even 
though it may be followed by reflections containing 
hundreds or thousands of times as much energy. 

§ 5. This desirable effect is secured by employ- 
ing a system in which the cathode-ray time base is 
first set in operation, and a very short time later 
a short transmission is sent out. The echo and 
subsequent reflections cause transverse deflec- 
tions of the cathode-ray spot and the results are 
oscillograms of the sort shown in Fig. 8. The 
transmission-time mark on the left of the oscillo- 
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grams is due to electromagnetic-induction effects 
accompanying transmission and picked up by the 
receiver amplifier. 

§6.°To secure this clarity of indication it is 
essential to allow the successive echoes to die out 
before another transmission occurs (see §39 and 
Fig. 16). 

§ 7. The general appearance of the equipment 
is shown in Fig. 7. 


Part I].—THE APPARATUS. 
General Arrangement. 


§ 8. Fig. 1 is a diagram of the various parts of 
the equipment. Raw A.C. is used to trigger the 


Amplitier Cathode - ray 


tube 


Transmitter 
driver 


Transmission 


Time base 


Transmitter 


Fie. 1.—Schematic Diagram of the Apparatus. - 


thyratron time base once per cycle. The voltage 
impulse which sets the spot in motion across the 
screen is fed to the transmitter driver through a 
simple delay circuit to produce the transmission 
at an appropriate time. As shown in Fig. 1, the 
transmitter is mounted on a wedge which directs 
the beam of supersonic energy into the region 
of the specimen that is to be tested for flaws, and 
the receiver is tilted by a similar wedge to make it 
sensitive to reflected energy coming from the same 
region. This wedge system is shown in more 
detail in Fig. 2 (6), and a rough indication of the 
directional characteristic of the beam is shown in 
Fig. 3. In Fig. 3 (a) the transmitter and receiver 
are shown without wedges; in this position the 
system is insensitive to flaws near the surface, 
but beyond this it is capable of detecting flaws 
over a large range of distance. 


CRACKS IN STEEL BY MEANS OF SUPERSONIC WAVES. 


§ 9. The receiver amplifier is arranged to give a 
vertical deflection to the spot at the moment of 
arrival of the echo; the time base is arranged to 


Half wave-length disc. 


(a) 


give an approximately uniform velocity of the 


spot from left to right. 


(a) 


Transmitter 


Receiver 


Transmitter—Receiver System. 


The Transmitter—Receiver System. 


§ 10. The piezo-electric effect of quartz is used 
to convert the energy of a damped train of electri- 
cal waves to a damped train of supersonic com- 
pressional waves. The returning echo is con- 
verted from a compressional-wave disturbance to 
an electrical vibration by the converse piezo- 
electric effect and is subsequently amplified. The 
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transmitter and receiver are composed of similar 


crystals of quartz, each 2 cm. in dia, and approxi- 


mately 0-1 cm. thick, with a natural frequency of 


<A 


ZG 


(b) 


Fig. 2.—Probe Heads (a) without and (6) with wedge. 


24 Me. /sec. In steel, aluminium, and most alloys 
of the latter, the total beam angle is about 
16° and the wavelength is approximately 0-24 cm. 
Most metals have elastic constants which lie 
between these values and one-half of these values. 

Both the transmitter and the receiver crystals 
are mounted in arrangements designed to give 
mechanical and electrical shielding which are 
commonly called “‘ probes.” These probes mainly 
take the two forms shown in Fig: 2. In Fig. 2 (a) 
the quartz is separated from the sample to be 
tested by a thin plate which may be only approxi- 
mately 0-004 in. thick (non-resonant) or 0-050 in. 
thick (resonant). In Fig. 2 (6) the quartz is 
mounted on a metal wedge in order to incline the 
beam axis to the surface of the sample as shown in 
Fig. 3 (b). In special cases it may be desirable to 
use the bare quartz on the metal, as there is then 
only one oil film between the quartz and the sample 
to be tested. 


The Transmitter Driver. 


§11. The transmitter-driver unit applies a 
damped train of waves with an amplitude of 
about 300V. to the transmitter. The train is 
damped to half-value in about 4 cycles. The 
transmitter is connected in parallel with an induc- 
tance, and the damped train at a frequency of 
about 24 Mc./sec. is generated in this system by 
discharging a condenser through a thyratron. 
Alternative frequencies of 14 and 4 Mc./sec. can be 
provided, as shown in Fig. 10. 


The Receiver Amplifier. 


§12. This is an inductance-compensated re- 
sistance-capacity coupled amplifier. Its total gain 
is in the neighbourhood of 100,000 times. Since 
the final stage is a pulse amplifier, the frequency 
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response of the first four stages only is shown in 
Fig. 4. 


The Time Base. 


§ 13. The time base is a very simple one which 
involves the discharge of a condenser through an 
inductance by means of a thyratron. The thyra- 
tron conducts current only during the working 
stroke and is then extinguished and the condenser 
recharges through a resistance. To a first approxi- 
mation the voltage output from this arrangement 
is half a sine-wave, this being the half between the 
peak and the trough which is straight enough for 
a sufficient length of time to be useful in this case. 
The time-base velocity is changed by varying the 
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Fic. 4.—Frequency Response of Amplifier, showing 
first four stages. 


inductance. In the extreme cases the working 
stroke may occupy as little as 20 u sec. or as much 
as 3000 uv sec., whereas the return stroke and 
waiting time is nearly 20,000 » sec. Because of 
the long waiting time it is necessary to arrange 
that the beam is visible only during the working 
stroke and is completely extinguished during the 
return stroke. A portion of the working-stroke 
voltage is applied to the control grid in conjunction 
with the voltage-limiting diode in order to secure a 
brightening impulse which increases the intensity 
of the spot by the required amount during the 
working stroke only. 


Part II].—Somez TxHeroreticaL CONSIDERATIONS 
oF PRACTICAL IMPORTANCE. 


§14. The flaw detector is an application of 
echo-sounder principles to sounding in a “ solid 
sea.’’ As the probes are moved about the surface 
of the medium the echoes vary in time of arrival 
and in intensity. Most of these variations have 
some significance, and in order to derive the full 


* A, B. Wood, ‘‘Text-Book of Sound.’’ 
London, 1938: G. Bell and Sons, Ltd. 
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benefit from them it is necessary to know something 
of the physical laws which govern the behaviour of 
the sound as it travels out from the transmitter, 
through the coupling medium to the sample, 
back from the flaw or from the boundary of the 
medium under investigation, and finally back into 
the receiver as anecho. No attempt will be made 
here to derive these laws from the fundamental 
laws of mechanics, but some useful equations will 
be given and their relevance to flaw detection will 
be indicated. The actual user who requires more 
complete information is referred to standard text- 
books on sound and supersonics.* 

§ 15. In using the supersonic flaw detector it 
must be constantly borne in mind that both the 
transmitter and the receiver are directional. The 
complete and precise description of the directional 
characteristic at all distances from the quartz is 
very elaborate and is not necessary for most 
purposes of the flaw detector. The main point to 
bear in mind is that most of the energy streams 
away from the quartz in the form of a conical 
beam, with the axis of the beam lying along a line 
normal to the centre of the quartz. The exact 
distribution of energy in the beam depends upon 
various factors in practice and, in the ideal case, 
upon the ratio of the radius of the disc to a wave- 
length. In the ideal case a plane circular area of a 
homogeneous medium is set into motion in such 
a way that the amplitude and phase are equal over 
its whole surface. For positions remote from this 
surface, the beam has a maximum intensity on 
the axis, and falls off to a minimum at an angle 0 
derived as follows : 


O=20°61 sin jc Aa etiee 2 L) 
where = wavelength, and 
r = radius. 


§ 16. There are several precautions to be 
observed in using this equation. The radius r 
can generally be measured direct from the disc, 
and in most cases 4 is most conveniently obtained 
from the equation : 


A SlO fate eager a) 


C = velocity in the medium in which the 
beam exists, and 
n = frequency of vibration. 


where 


§ 17. Somé caution must be employed in taking 
the value for C from tables. In most cases tables 
showing the velocity for liquids can be used with- 
out fear of error, but, in the case of solids, it 
should be remembered that vibrations travel at 
different speeds in the same solid under different 
conditions. In most applications of the flaw 
detector so far, we have been concerned mainl 
with the longitudinal form of vibration in the bulk 
of a solid. This travels with the highest velocity 


London: G. Bell and Sons, Ltd. L. Bergmann, ‘ Ultrasonics.” 
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and so the echo due to this type of vibration 
arrives first, and can be clearly recognized. The 
velocity is determined by the elastic constants of 
the solid and the density, according to the 
following equation : 


C = [(k + 4u)/e]}# = (1 — o)E/(1 — o — 26%)p]# . (3) 
where k = volume elasticity, 
u = rigidity, 
H = Young’s modulus, 
o = Poisson’s ratio, and 
e = density. 


§ 18. The transverse mode of vibration which 
can be seen in some of the oscillograms of Fig. 8 
travels more slowly and is given by the equation : 


OpSaglp ESE eee... se. (4) 


§ 19. There are at least two types of surface wave 
which also travel more slowly and which some- 
times appear as an interfering disturbance against 
which precautions must be taken. (See § 27.) 
Finally, in a bar which is much less than a wave- 
length in diameter, a longitudinal vibration has a 
velocity (V) less than the “‘ bulk”’ velocity which is 
given by the equation : 


WEES ener: il eek) 
H = Young’s modulus, and 
= density. 


§ 20. Practical considerations dictate that the 
transmitter and the receiver must be mobile, and 
it is therefore necessary to use a fluid coupling 
medium between the transmitter, the receiver, 
and the sample under test. To understand the 
possibilities and the limitations of this technique, 
one should be thoroughly familiar with two laws 
governing the transfer of wave motion from one 
medium to another. The first is the law governing 
the change in direction of travel of the wave front, 
z.e., the refraction in passing from one medium to 
another; the second law is that governing the 
intensity in the reflected and the refracted energy. 

§ 21. The angle of the refracted ray is given by 
the well-known sine law (Wood, loc. cit., p. 301) : 


where 


sin®, Cy 
pam enO. Tee ee (6) 
where 6, = angle of incidence, 
0, = angle of refraction, 
C, = velocity in first medium, and 
C, = velocity in second medium. 


In the case of water and steel, C, = 1:5 x 10° 
and C, = 6-1 x 10° cm./sec. For small angles, 
sin 0, = 0, and sin 0, = 6. In this case a small 


inclination of the surface of the solid to the wave 


front is magnified over four times. 
§ 22. Total internal reflection occurs when 
Ges, 90 82 
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For the case of water and steel cited above 
6, = 14°, and for all angles greater than this no 
energy penetrates the solid. 

§ 23. Wood (loc. cit., p. 302) gives the ratio of 
amplitude in the reflected and the incident rays 
as : 

_& Rk, —Rk, 
Poh eee: cen (1) 


where f, and R, are the products p,C, and p,C,, 
respectively—products defined as the “ specific 
acoustic resistances ” of the media. In the case 
of water R, is 1-5 x 105 and in the case of 
steel R, is 4-75 <x 106. Substituting these values 
in the above equation : 


§ 24. The energy is proportional to the square 
of the amplitude so long as the wave motion is in 
the same medium, so that the ratio of reflected to 
incident energy is given by (0-94)? = 0-88. Thus 
89%, of the energy is reflected and only 11% is 
transmitted. Expressed as a voltage amplitude 
developed in the receiver and taking the incident 
energy as giving unit deflection, the reflected ray 
will give a deflection of 0-94 and the transmitted 
energy a deflection of 0-33. In order to detect the 
echo the transmitted energy must return through 
the boundary and is then reduced to 0-11 of the 
deflection due to the incident energy. This is 
quite apart from attenuation due to the divergence 
of the beam or attenuation on reflection from the 
target producing the echo. 

§ 25. It is clear that when the beam is pro- 
jected from a liquid into a solid the echo is con- 
siderably weaker owing to the passage from one 
medium to another. Moreover, it must be de- 
tected in the presence of a very much greater 
interfering signal due to undesired echoes from the 
surface of the solid. Fortunately we are not 
forced to work under these conditions and we 
can secure the transfer of energy in the transmitter 
system to the Sample under test by using a very 
thin film of liquid. In this case the following 
expression must be used instead of equation (6) : 


Reflected energy _ () 
Incident energy 


ei 
Re SR Qnl | /R, , R,\? 
a eA BO eka ahaa 

This is based on Wood’s equation (10) (loc. cit., 
p. 306). Using a value for R, of 1-5 x 10°, and 
for R, of 4:75 x 106 (for steel), a curve has been 
calculated and is shown in Fig. 5 over a range of 
values of J/a from 0 to 0:25. The curve from 0-25 
to 0-5 is a mirror image of the curve shown and 
the curve from 0-5 to 0-75 repeats the first {-wave- 
length, and so on, to infinity, if absorption is 
neglected. This curve is very interesting from 
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the point of view of application. It shows that 
the energy in a reflected beam is one-half that of 
the incident beam for a ratio of 1/A of 0-01. As the 
wavelength in water is only 0-06 cm., the thick- 
ness of film which is capable of reflecting half the 
energy is only 0-0006 cm., or 0-00025 in. 

§ 26. It is implicit in the development of the 
equations which govern the transfer of energy 
from solids to liquids that there must be con- 
tinuous molecular contact, 2.¢., the liquid must wet 
the surface of the solid. Oil is a suitable liquid 
for most purposes. Soapy water, liquid soap, 


< (Curve A) 
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on a line perpendicular to the corrugations. It 
will readily be seen that if the transmitter and 
receiver are placed with their centres on a line 
parallel to the corrugations, then reinforcement 
will not take place, and the sometimes trouble- 
some “‘ cross noise ”’ will not appear on the screen 
and will not confuse the interpretation of results. 
This is shown in Fig. 12. 


Use of the Beam. 


. With the above theoretical points in 
mind we may now turn to the problem 
of making the best use of the beam. 
It has been shown why it is preferable to 
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apply the transmitter and receiver to 


the surface of the sample to be tested 
instead of shooting a beam of super- 


sonics at the solid sample through a 


liquid. For the time being let it be 


assumed that the sample has a plane 
surface and that the corrugations are 


small compared with the }-wavelength 


and may therefore be treated as a plane 


surface. Further, let it be assumed 


that we have placed the probes on the 


sample with their axes parallel, as shown 


a oN O02 O04. 0:06 0:08 O/0 Of O/4 O/6 
¢ a fa a aE imi 
eee a ae) 
$ elas ee a 
as =| 
nay | 2 [ 3 | i. i 
en A Ricoh eer ei 
=r a ia [ i ae | 
& £0-6 ne! Lae | 
oS oF i 
s) fe 
eT Sees eeeeeec cat EE 
9 O-4 4 
e i ti ILS 
~ in yy, 
Sy (OR2 1 | 
mS) = 4 
$ Ct aoe Ha 
CO) 


ue) 
0/0 Ol2 OO} O/6 O/8 O20 022 O24 026 


4 (Curve 8) 


Fic. 5.—Transmission through Thin Plates. 


mercury, mercury amalgams, and many other 
liquids have been used on occasion. Plain water 
on an oily metal surface would appear to be 
unsuitable. Mercury and its amalgams must be 
avoided in the case of aluminium and its alloys 
as air reacts rapidly on the aluminium in the 
amalgam which readily forms when mercury 
touches aluminium. 

§ 27. If the surface of a test-sample is milled, 
it is generally corrugated by the tool, and in this 
case the transmitter rests on a series of lines spaced 
at regular intervals. This gives rise to a diffrac- 
tion grating effect if the interval between the 
lines is half a wavelength or more. The velocity 
of the surface wave is lower than the velocity of 
the compressional wave in the bulk of the material 
and it happens that the interval between lines 
more often compares with the wavelength for 
this wave than for the compressional wave. In 
‘particular, if the interval between the corrugations 
corresponds to a wavelength for the surface wave, 
the transmitter will send a lot of energy along the 
surface and the same condition will cause the 
receiver to be sensitive to that energy and, as a 
result, a disturbance may be noted if the trans- 
mitter and receiver are placed with their centres 


A is the complete 
curve from 0 to 1-000, while B is a magnified portion from 0-990 
to 1-000 for the ratio of reflected energy to incident energy. 


Ratio of reflected energy to incident energy 
(Curve 8) 


in Fig. 3 (a), and the beams intercepting 
at a distance of about 4 in. Under 
most conditions of use there is a boun- 
dary echo which is very often referred 
to as the bottom echo. If another echo 
appears earlier than the boundary echo 
it is sufficient to show that there is a flaw 
in the material. The detection of an echo from a 
single position on the material does not usually 
permit the flaw to be located at all accurately. If 
the secondary beams are included in our reckoning 
the degree of ambiguity as to the position of the 
flaws is considerable. The only fact conveyed by 
the position of the echo is the time of ‘‘ go” and 
“return” of the sound energy and this merely 
serves to place the target on a parabola, and 
because of the existence of secondary beams the 
parabola may subtend quite a large area at the 
transmitter—receiver position. If the flaws are 
small, the echo will generally be traced to a flaw 
inside the primary beam. 

§ 29. Since it is known that the maximum 
intensity in the beam lies along a line per- 
pendicular to the centre of the transmitter and 
also that the receiver sensitivity is a maximum 
along a line perpendicular to the centre of the 
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. receiver, it is possible to locate the target more 


accurately by adjusting the transmitter—receiver 
system to give the maximum response. It is 
clear from Fig. 3 that the results for targets close 
to the surface can be improved by tilting the 
transmitter and receiver. In this case the position — 
of the target can also be more closely defined by 
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shifting first the transmitter and then the receiver 
to give the optimum result, and it will be appreci- 
ated that the position of the target can be checked 
by two methods, one depending on the range 
shown on the cathode-ray oscillograph, and the 
other depending on the intersection of the trans- 
mitter—receiver axes. Using this latter system, 
flaws can be detected within } in. of the surface, 
as shown in the oscillogram of Fig. 11. Generally 
speaking, the flaw can be located to an accuracy of 
about } in. up to distances of 1-2 ft. 


Reflection and Scattering from Various Targets. 


§ 30. As most of the targets in practice are 
very irregular in shape, making it impossible to 
calculate the reflectivity, no detailed quantitative 
analysis will be given here. The main physical 
considerations which must be borne in mind in 
interpretation relate to certain idealized cases 
such as reflection from a plane surface, a disc, a 
sphere, and a rough or mat surface. To simplify 
the discussion it will be assumed that the surface in 
question is backed by air, and in the majority of 
cases this assumption is a sufficiently close approxi- 
mation for practical purposes, as a void in the 
interior of a solid body, even when as thin as a 
wavelength of light, is still capable of giving a 
very powerful reflection. 

§ 31. A plane surface which is a large number 
of wavelengths in extent will give specular 
reflection of the beam, and if the transmitter, 
receiver, and flat reflecting surface are suitably 
oriented, an intensity of reflection will be obtained 
corresponding to that obtained with the trans- 
mitter and receiver facing one another, for the 
same distance of travel of sound. According to 
the usual convention, a reflecting surface is 
taken as flat if the deviations from a true plane are 
nowhere greater than 3'5-wavelength. The same 
criterion holds for regularly curved surfaces. To 
produce a mat surface the irregularities must 
amount to }-wavelength or more. 

§ 32. A reflecting disc placed with its plane 
perpendicular to the distance of travel of the 
wave will reflect its energy according to equation 
(1) §15. If the disc is more than a few wave- 
lengths in diameter, something like specular 
reflection will be obtained. For instance, it is 
generally noted that hair-line cracks will give 
detectable echoes only when they are approxi- 
mately parallel to the surface from which detection 
is attempted. 

§ 33. Reflection from a cylindrical cavity in the 
interior of a solid is of some practical importance. 
For a cylinder of large radius and relatively 
close to the transmitter-receiver system, the 
reflectivity approaches that for a plane surface. 
A long thin cylinder placed many diameters from 
the transmitter—receiver system becomes a “ line 
scatterer ’’ as its diameter approaches and be- 
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comes less than a wavelength. In this case the 
reflection is specular in a plane containing the 
axis of the cylinder, but is omnidirectional in a 
plane perpendicular to the axis of the cylinder. 
(See § 37 and Fig. 9). 

§ 34. A sphere is the only target for which it is 
unnecessary to take into account its orientation 
with regard to the transmitted beam and the 
position of the receiver; the reasons are obvious. 
At one extreme, reflection from a sphere of large 
radius approaches reflection from a plane surface, 
and at the other extreme the echo can be treated as 
scattering from a body that is small in comparison 
with the wavelength. As Rayleigh has shown, 
in this latter case, the amplitude of the scattering 
varies directly as the volume of the scatterer and 
inversely as the square of the wavelength of the 
incident sound. Thus, by increasing the wave- 
length by a factor of four, the amplitude of the 
reflected sound from porosity can be decreased 
sixteen times, which is, of course, a very great 
practical advantage. The frequency employed will 
naturally depend on whether it is desired to detect 
the porosity or to detect a major flaw in the 
presence of porosity. 


Part IV.—Some Typicat REsutts. 


§ 35. In Section 3 of this paper, a detailed dis- 
cussion is given covering problems of practical 
application. It is intended here to present only a 
few results obtained with the flaw detector, 
mainly relating to cases where the physical 
conditions are known and have a special signi- 
ficance, or which will aid in understanding the 
results obtained in practice. 

§ 36. Fig. 8 (a) shows the arrangement of 
probes on wedges as used to detect a series of 
drilled holes ranging from + to } in. in dia., drilled 
parallel to the surface from which they were 
detected and 1} in. from it. Fig. 8 (b) shows the 
oscillograms so obtained. The disturbance to the 
left of the oscillograms marks the moment of 
transmission. This is deliberately introduced in 
order to provide a zero time mark. The flaw echo 
is to the right of the centre of the trace, and the 
amplitude shown is with reduced amplifier gain in 
order to avoid overloading of the amplifier by the 
weaker echoes. Overloading does occur on the 
echoes from the #%-, }-, and 4-in. holes, which 
explains why the echoes from these targets change 
less than one would expect from the change in 
diameter. The boundary echo is shown on the 
extreme right. 

§ 37. These oscillograms (in particular that of 
the #-in. dia. hole) should be compared with those 
shown in Fig. 9 (b). As indicated in Fig. 9 (a), 
the target is of about the same size and orientation 
with respect to the transmitter—receiver system, 
but about 20 times farther away. Hence, the 
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time base is slowed down accordingly. The 
echoes are so reduced in length that they are mere 
spikes. In the photograph they appear to be 
somewhat less conspicuous, but in practice this is 
not the case as the brilliance is greater at low 
speed, other factors being constant. Full gain 
was employed. 

§ 38. Fig. 8 should also be compared with Fig. 
13. In the latter case the target is perpendicular 
to the surface on which the probes are placed. 
Full amplifier gain was used, and, even so, the 
echo from the -in. hole, at a distance of 1} in., is 
barely distinguishable. 

§ 39. The oscillogram in Fig. 16 shows multiple 
echoes obtained using a steel plate 44 in. thick. 


Inches 
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§ 43. Fig. 15 (b) shows the oscillograms obtained 
under the following conditions : 


(1) Machined surface with oil (2}-Mc./sec. 
filter) : Oscillograms (i)—(il1). 

(2) Rough surface, as-rolled, with oil (2}- 
Mc. /sec. filter) : Oscillograms (iv) and (v). 

(3) Rough surface with oil (14-Mc./sec. filter) : 
Oscillograms (vi) and (vii). 

(4) Rough surface with amalgam (2}-Mc. /sec. 
filter) : Oscillograms (viii) and (ix). 


Oscillogram (i) shows a bottom echo only, while 
oscillogram (ii) shows a small flaw which gives a 
good echo but at the same time does not obscure 


*+0:°002 


Inches. 


Fig. 6.—Contour of Rolled Billet along 1 in. of Surface (a) in the direction of rolling, 
and (b) transverse to the direction of rolling. 


It is possible to count 24 successive echoes and the 
amplitude is reduced to only one-third. The 
24th echo has travelled some 18 ft., and this 
requires a time of about 33> sec. It will be readily 
appreciated that if the repetition rate was as high 
as 500 cycles/sec. it would be impossible to 
distinguish a small echo in the presence of the 
persisting reverberation. A little consideration of 
this oscillogram would also show why continuous- 
wave methods have generally failed, as the reflected 
energy from a target will usually be superimposed 
on a much greater reverberation intensity. 

§ 40. Fig. 14 (a) shows curved adaptors for use 
with a round bar. A simple method of making 
these adaptors is given in Section 3 of this paper. 
Fig. 14 (6) shows the echo obtained from the end of 
a 2-in. dia. hole, 1 in. long, drilled radially in the 
far side of the bar from the probes. 

§ 41. Fig. 19 is self explanatory. The time- 
base velocity was held constant and the induc- 
tance across the transmitting quartz was varied 
to give the frequencies shown. 

§ 42. Fig. 15 (a) shows the arrangement used to 
investigate the effects of surface roughness with 
various coupling media and frequencies. 


the bottom echo, The flaw shown in oscillogram 
(iii) is so large that the bottom echo is almost 
completely masked. Oscillogram (iv) shows the 
best bottom echo and oscillogram (v) the strongest 
flaw echo that could be obtained under conditions 
(2). Oscillograms (vi) and (vii) show the effect 
of a 14-Mc./sec. filter in conjunction with a rough 
surface and oil, and it will be seen that much 
stronger echoes were obtained in both cases. For 
an explanation of this difference see § 26. The use 
of a lower frequency reduces the effective thickness 
of the oil film between the wedges and the sample. 
The alternative method of reducing the effect of 
the coupling medium is to employ a medium 
which has physical properties more closely 
resembling those of the steel, and oscillograms 
(viii) and (ix) show the effect of using a rough 
surface and an amalgam. Reverting to the 21- 
Mc. /sec. filter, it will be seen that the amalgam is 
much better than the oil. Instructions on the 
preparation of a suitable amalgam are given in 
Section 3 of this paper. 

§ 44. Fig. 6 shows the surface contour of the 
rough surface of the rolled billet used to produce 
the oscillograms of Fig. 15 (6). 
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64 Hole 42 in. dia. x Lin. deep 


(a) 


| 24 mG@/sec. 


1/4 mo/sec. 
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10.—Voltage Wave Form Applied to Transmitter 
Obtained with Various Frequencies. 


Fic. 9.—Detection of a Small Hole at a Fic. 
Large Distance, showing (a) the position 
of the hole, and (b) oscillograms obtained 
with (i) no hole, and (ii) the hole shown 
in (a). 


Transmitter and receiver 
on a line perpendicular 
to corrugations . 


Transmitter ond 
receiver On a 
line poralle/ to 
corrugations 


Fie. 11.—Oscillogram Showing Detection of Flaw at 
jy in. from Surface. 


Fic, 12,—Investigation of the Effect of Regular Surface Corrugation, showing (a) the sample used and (b) oscillograms 
obtained with probes on a line (i) parallel and (ii) perpendicular to corrugations. 
[Desch, Sproule, and Dawson. 
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Fic. 13.—Investigation of the Reflections from Holes Drilled Fic. 14._Investigation of the Reflections from a Hole Drilled 


Perpendicular to the Surface, showing (a) the general arrange- in a Round Bar, showing (a) arrangement of the probes, 

ment, and (b) the oscillograms obtained. and (b) oscillogram obtained with (i) no hole, and (ii) the 
hole shown in (a). 

[Desch, Sproule, and Dawson. 


Direction of 
ro/ling 


tt 


(i) a NU) eee 
MANS Nga 


ee Pi 


Frough surface and oil 


PLATE XXIV. 
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- Rough surface and amalgam 


Fic. 15.—Investigation of Effects of Surface Condition, Coupling Media, and Frequency, showing (a) arrangement of probes, 
and (b) oscillograms obtained. 


Fic. 16.—Multiple Echoes Obtained from a [Desch, Sproule, and Dawson. 
Steel Plate 44 in. Thick. 


PLATE XXV. 


Fic. 18.—Results Obtained from Various Positions (indicated in Fig. 17) 
in the vicinity of the clink. Indications of hair-line cracks are visible 
within the central zone of the block. 


La 


Fic. 17,—Method of Testing for an Internal Clink. 


Fic. 19.—Coincidence in the Estimated and Actual 


Positions of the Clink, after half-sectioning. 
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Fic. 27.—Quarter-Section of a 103-in. Slab, on which is imposed the general nature of supersonic results when tested from the surface 
before sectioning. 
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Fra. 28.—Cracks in 4$-in. Plate caused by Flame-Cutting. Detected by supersonics and later rendered visible by 
light grinding of the side surface. E 
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Fic. 29.—Supersonic Test on Pulley Casting. 


. 30.—Section of Pulley Casting, showing porosity. Fic. 31.—Butt Weld on 3-in. Low-Alloy Steel Plate, 
a ve a 7 ae A - showing entrapped slag. (Actual size.) 
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Section 3.—Application of Supersonic Testing to Steelworks Problems. * 


By W. J. DAWSON, A.Met. (Messrs. Haprietps, Lrp., SHEFFIELD). 


(Figs. 17 to 35 = Plates XXV. to KXX.) 


Part [.—ForEeworp. 


THE object of this section of the paper is to survey 
the results of investigations into the application 
of supersonic testing to steelworks practice, and 
to determine the scope of the method and the 
validity of the indications obtained, as a practical 
form of non-destructive testing. 

When instruments of the first standard pattern 
were made available to a number of steelworks 
laboratories, it was arranged to exchange experi- 
ences obtained with the instruments, and to 
collaborate with the makers by bringing to their 
notice the opinions of the users on various technical 
features of the apparatus. By this means, 

Operative technique would be advanced, and the 
instrument design directed along those channels 
which might offer the most fruitful scope for the 
development of this method of testing. 

A wide range of applications in the steelworks 
was explored, so that it was possible to arrive at 
some assessment of the value of the method. 
As a result of the collaboration between the 
representatives of the maker and the steelworks 
laboratories, improvements in certain technical 
features of the instrument, and in the technique 
of practical operation in service have been made 
which have extended the scope and increased the 
sensitivity of the instrument. 

Observations from practical work with this 
instrument are discussed in the present section, 
and the value of the test has been assessed upon 
a practical basis. It must be stressed, however, 
that, whereas much information of a_ useful 
nature has been obtained by this method of test- 
ing, there has been little opportunity yet for work 
to be done to correlate the results of this test with 
the subsequent behaviour of the material in 
service. Until these relationships have been 
established and a quantitative measure of service 
can be estimated by supersonic examination, this 
technique should be regarded as a means of 
specialized examination and not of inspection. 
This phase of the development will undoubtedly 


take some time, for it involves observation of. 


ultimate performance, an undertaking which from 
its nature must be scattered and delayed. 

The contributors who have undertaken this 
work and submitted the results upon which this 
section of the paper is based, are as follows : 


Mr. J. Guen, B.Sc., A.R.T.C., Messrs. Colvilles, 
Ltd. 


Mr. H. NicHoztson, A.Met., 
Corporation, Ltd. 

Mr. L. Rotuernam, M.Sc., F.Inst.P., The 
Brown-Firth Research Laboratories. 

Mr. W. R. Yates, B.Eng., Messrs. Hadfields, 
Ltd. 

Mr. G. T. Harris, M.A., F.Inst.P., Messrs. Wm. 
Jessop & Sons, Ltd. 

Mr. W. C. Hrsetwoop, B.Sc., A.Met., The 
United Steel Companies, Ltd. 


Subject-matter for the above contributors has 
been submitted in certain instances by con- 
tributors other than those taking over the re- 
sponsibility for the writing of the individual 
sections, the task having thus been a truly co- 
operative one. Part V. has been compiled from 
the collective opinions of the investigators. 


English Steel 


Part IJ.—TuHE TECHNIQUE OF SUPERSONIC 
TESTING. 


Since the earliest sets were made with the object 
of detecting the type of discontinuity in steel 
known as hair-line cracks, a frequency con- 
venient for this purpose was chosen. Under these 
conditions, however, many other types of defect 
have been located. 

An initial problem was to establish : 


(i) The maximum and minimum distances at 
which it was desired to detect defects. 

(ii) The maximum and minimum size of 
flaw to be detected, and—the associated prob- 
lem—the minimum size of flaw capable of 
affecting the particular properties of the 
material requiring consideration. 

(iii) The length of the transmitter and re- 
ceiver leads necessary to permit a survey of 
cases likely to be met with in practice. 


Target. 

In regard to the above points, experience has 
shown that many problems may be approached if 
the instrument is capable of covering a distance 
range of 3-50 in., though for special purposes it 
might be desirable to examine steel at distances 
as great as 20 ft. The application of the method 
to sheets and plates at thicknesses of less than 
4 in. had been envisaged, but it was evident that 
such a problem required the provision of technical 
features which could not be incorporated in the 
existing instrument. 


* Received January 8, 1946. 
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The maximum size of target encountered was 
that occurring in the lamination of plates, in 
which case the target might be several feet 
across. The minimum size of target was about 
jx in. in linear dimension, when about 2 in. from 
the surface. 


Probes. 

The character of the probes is bound up with 
the question of the general arrangement of the 
instrument, and whether it has to be regarded as 
a laboratory instrument or as a mobile unit suit- 
able for use in the workshop. Experience had 
shown that increasing the length of the probes 
from 3 to 4 ft. had met most requirements so far 
apparent. 

Some difficulty was experienced initially in the 
positive interpretation of the trace on the screen, 
as a variation in pressure on the probe system 
caused a marked variation in the intensity of the 
echo. This effect has been found to be due to 
the use of a very thin diaphragm which buckled 
under pressure, and the remedy has been indicated 
accordingly. Owing to this variable area of contact 
and also since the direction of the flaw is unknown, 
it is difficult to estimate the area of the discon- 
tinuity in the material. 


General Design from the User's Standpoint. 


The first model, primarily intended as a 
laboratory instrument, has been used, with cer- 
tain precautions, as a works instrument. The 
two components, the transmitter and the re- 
ceiver sets, whilst too heavy to be carried readily 
for any appreciable distance, are sufficiently 
robust to enable them to be transported in the 
works on a well-sprung trolley. The cathode-ray 
tube may be viewed in full daylight, provided 
that a suitable screen is mounted for viewing 
purposes. The general arrangements of power 
required are only those of an ordinary A.C. point, 
although a reasonably stable voltage is needed to 
maintain a steady trace. Photography of the 
trace is practicable with a suitable camera. 

The apparatus must be close to the object under 
examination by reason of the length of the leads 
and the need for close observation of the cathode- 
ray tube. 

Improvements had been made in the instru- 
ment in the course of the exploratory period dis- 
cussed. Prominent amongst these was an input 
filter, designed to reduce transverse disturbance 
and to enhance the echo at the fundamental 
frequency of 24 Mc./sec. This increased the sensi- 
tivity of the instrument and assisted in the ex- 
amination of sections of greater depth where 
the transverse waves were troublesome. With 
some investigators the filter was found to be 
necessary for depths greater than 2 or 3 in. 
Occasionally, random scattering had been ex- 
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perienced, but observation of results with and 
without the filter had been found useful. In the 
case of small targets, as, for example, in detecting 
minute pipe in heavy plate, no results could be 
recorded without the filter. The filter had also 
been found to be of great use for testing 12-in. 
dia. bars for porosity. 

The original time base was designed for the 
examination of thicknesses up to 12 in. This 
limitation has been overcome by a modification 
to the time base, and it is now possible to explore 
depths extending to 12 ft. 


Preparation of Surfaces. 


The usefulness of the instrument at the outset 
had been somewhat restricted by the necessity 
of having a smooth flat surface prepared on the 
material to be examined, but subsequent in- 
vestigations had enabled curved and even rough 
surfaces to be used also. This aspect of the 
subject has been treated in some detail in the 
subsequent sections. 


Types of Defect Discernible. 


The frequency of the supersonic wave deter- 
mines the size of discontinuity which can be de- 
tected. Thus, in ingots and large sections which 
have suffered little reduction by forging or 
rolling, or in castings, “ looseness’”’ or porosity 
may be observed. In forged or rolled material, 
any reflections observed are of significance, and 
the nature of the defects may be assessed by a ~ 
knowledge of the history of the steel. In these 
respects particularly, the frequency is of prime 
importance. 

For the purpose of calibrating the instrument to 
permit adequate location of defects, slabs were 
prepared of 4-6 in. in thickness, and the distance 
between the point of initial impulse and the 
surface giving rise to the bottom echo was 
measured. The relationship between the depth 
of the specimen and the length on the time base 
is almost linear when the depth is properly 
focused. Small holes were drilled in a slab at 
different depths, and the estimated depths were 
plotted against the measured depth. When the 
correction for the thickness of the wedge was 
made, the estimated depth was found to be 
within } in. of the known depth. This calibration 
is required for each set. 

In the standard type of instrument used in this 
exploratory work, the wave propagation takes 
place in a cone with an 8° angle of spread. This 
means that with a 40° angle of wedge, focusing 
is practicable to within 4 in. of the surface. 
Theoretically, signal strength should be reduced 
by increasing the length of the leads because of 
the greater capacity thereby introduced, but in 
practice this effect was found to be negligible, 
and leads up to 6 ft. in length have been used. 


CRACKS IN STEEL BY MEANS OF SUPERSONIC WAVES. 


With a wavelength of 2 mm., a hole of + in. in 
dia. was ultimately detected at a depth of 8 in. 

Further information on the limits of sensitivity 
of detection will doubtless emerge as the method 
is applied to a wider range of problems. Where a 
mass of discontinuities is encountered, as, for 
example, in certain types of ingot structures, or 
in a very badly flawed billet, the strength of the 
signal is lost, and even the bottom echo is not 
discernible, owing to dispersion of the incident or 
reflected wave. Thus the absence of a bottom 
echo may be an indication of the presence of 
defects, but it does not indicate their depth or 
nature. This random scattering may not be 
observed with lower frequencies. 


Non-Metallic Inclusions. 


In general, non-metallic inclusions are not 
indicated by the supersonic method of testing. 
Reflection of large individual inclusions has been 
observed in circumstances in which the area 
normal to the wave is appreciable. 


Part II1I.—PracticaL OBSERVATIONS ON 
SUPERSONIC TESTING. 


A.—Testing of Large Masses. 


(Contributed by H. NicHotson and 
L. RoTHERHAM.) 


In the course of routine inspection or in special 
investigations, it frequently occurs that a know- 
ledge of the condition of internal soundness is of 
considerable value. Supersonic or echo-sounding 
principles have been applied already to a variety 
of steel forgings and castings of appreciable size, 
and much useful information has been obtained. 
In general, it can be said that every such case 
requires special and individual consideration, 
owing to the diversities in shape and size amongst 
the larger masses. Parts such as shafts and large 
billets are eminently suited to supersonic testing 
on account.of their uniformity of section, but 
there are many parts of over 12 in. in cross- 
section which are, of necessity, irregular in form, 
and in these instances comprehensive testing is 
considerably restricted. Here, localized scanning 
can yield valuable information, especially if carried 
out in zones of known susceptibility to internal 
unsoundness, and in the selection of such positions 
a sound metallurgical knowledge of the part in 
question is of the utmost value. 

The application of supersonic testing to large 
masses has required certain modification of the 
original instrument. The extension of the time 
base has permitted greater penetration, while 
the tuning of the amplifier has served to reduce 
the transverse waves and to eliminate pulse noise, 
and has enabled longer probe leads to be used. 

In many instances it has been necessary to 
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operate the instrument in restricted spaces and 
in different parts of a works, owing to the difficulty 
of moving large masses, and here, relative com- 
pactness and portability have been a considerable 
advantage. 


Some Hxamples of Large Masses of Steel Tested 
with the Supersonic Flaw Detector. 


A number of forged blocks, approximately 
15 x 15 x 17 in., were examined with the flaw 
detector, their thermal history having suggested 
that internal cracks might be present. Re- 
flections were obtained from the bottom after 
modifying the time base to extend its range of 
depth, and there were also several reflections of 
considerable strength from various points inside 
the metal. These reflections, which denoted 
hair-line cracks, were found to a greater or smaller 
extent in all the suspected blocks, but not in 
a block whose thermal history had been normal. 

Several hammer tups of 2 ft. cube to 3 ft. 6 in. 
cube, all made from the same ingot, were examined. 
Ktching had shown hair-line cracks meeting the 
surface, and the flaw detector showed many such 
cracks inside most of the tups, though one was 
found to be practically free from cracks. A strong 
echo was obtained from the central bore of the tup 
(a few inches in diameter) when the probes were 
vertically over it, but where the bottom surface 
was considerably inclined to the top surface, the 
bottom echo was weak or non-existent over a 
large area. Near the edges, however, the sides 
reflected the waves back to the receiver, enabling 
a bottom echo to be obtained. The main use of 
the bottom echo is to show that the depth range 
of the time base is suitably set and that the 
sensitivity is sufficient; once these are known, 
the absence of a bottom echo due to geometrical 
effects alone need not prevent the effective 
testing of the material. 

In testing large steel masses where the length 
greatly exceeds any other dimension, the labour 
involved in testing the whole volume of the steel 
can be reduced considerably by testing from the 
end face, provided that the flaws to be detected 
present a sufficient area as seen from the end 
face of the piece. Two die blocks, approximately 
16 x 16 x 54 in., were tested in this way. A 
major crack had been found in each of the blocks 
when the impression was cut out, and the flaw 
detector was used to determine whether the crack 
visible on the surface extended far into the 
interior. In each block it was found that the 
crack covered almost the whole cross-section. 
A bottom echo could be obtained only with the 
probes at the edges of the end face, and a strong 
echo was received from the crack. The test was 
repeated from the opposite end, giving the same 
results. Thus each of the blocks contained a 
completely internal clink. 
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An interesting example of an alternative method 
of testing for an internal clink is illustrated in 
Figs. 17,18,and 19. Adie block, 15 x 16 x 60in., 
was examined with the flaw detector on one of 
the long faces, as shown. A transverse crack was 
visible on the exterior surfaces at 15 in. from one 
end, but the supersonic test showed that there 
was also a completely internal clink at a position 
174 in. from the opposite end. Immediately 
over the clink there was no bottom echo at all, 
the crack apparently serving to dissipate or 
scatter all transmitted energy. It was found 
possible to plot the position of the clink by this 
method, and the results are shown in the photo- 
graphs. Fig. 17 shows the method of testing, 
and the results obtained from various repre- 
sentative positions in the vicinity of the internal 
clink. Also evident in the traces are indications 
of hair-line cracks within the central zone of the 
block. Fig. 19 shows the coincidence in the esti- 
mated and actual positions of the clink after 
half-sectioning. 

Each case for examination has to be taken 
on its own merits, and in order to obtain the 
most informative results possible, it may prove 
necessary not merely to devise a particular 
method of approach, but to modify, to some 
slight degree, the supersonic instrument itself. An 
example of this occurs in the case of two rotor 
shafts, 15 ft. long x 18 in. maximum dia., which 
were suspected of having internal clinks similar 
to those found in the die blocks. The flaw de- 
tector was applied to one of the end faces with 
oil as the coupling medium, the quartz disc being 
placed directly on the steel; using the 24-Mc. /sec. 
filter in the receiver, only an extremely weak 
bottom echo was obtained. However, by changing 
the output valve of the amplifier for a more 
sensitive one the sensitivity was increased about 
threefold, and by putting a tuning coil in the 
transmitter circuit a further fivefold increase was 
obtained. With this arrangement strong bottom 
echoes were obtained so that testing for flaws 
could then proceed. 

No major flaw echoes were found so there were 
apparently no clinks. Small echoes were ob- 
tained, however, in large numbers near the 
beginning of the trace, at maximum sensitivity. 
They were evenly distributed both over the cross- 
section and in depth, and their amplitude de- 
creased as their depth increased, becoming too 
weak to register beyond about 3 ft. A similar 
trace was obtained when testing from the opposite 
end, showing that the sensitivity, in terms of 
amplitude of echo from a flaw of given size, 
decreases appreciably as the distance increases, 
because of the spreading of the beam. Possibly 
some form of automatic gain control, operated by 
the time base, could be used to give constant 
sensitivity with variation in distance. 
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Examination of these echoes with a faster 
time-base. range showed that the wave-train of 
an echo had a rather sharp front, like that of a 
bottom echo, and unlike that of an echo from 
clouds of fine porosity. Also, a slight movement 
of a probe would make a considerable difference 
to the strength of an echo, suggesting that the 
flaw was planar in shape rather than spherical. 
Unfortunately, there was no spare material 
which could be cut off for further examination, 
and in view of the greatly increased sensitivity 
of the apparatus, the size of the flaws could not 
be estimated reliably. It has been suggested 
that they were non-metallic inclusions. 


Conclusion. 


The examples quoted show that developments 
in supersonic technique have now made available 
to the investigator an additional source of in- 
formation, but conditions peculiar to large masses 
can arise which considerably influence the résults 
obtained. With large steel parts, it is well known 
that there is an almost proportionate increase in 
heterogeneity with size, and the high degree of 
sensitivity shown by the supersonic instrument 
can result—unless such features are taken into 
consideration—in an erroneous interpretation of 
unavoidable trivial irregularities, the presence of 
which is in no way detrimental to the service 
of the article in question. 

The determination of the type or nature of an 
internal defect, as distinct from its location, is 
still a matter for further research. Much in- 
formation is being obtained, however, from a 
correct interpretation of the pattern of the re- 
sulting trace. The form and permanency of the 
signal itself, the behaviour of the bottom echo, 
and the area of specimen over which the signal is 
obtained, are some of the features of assistance 
in this direction. 

At the present stage of development it can be 
said that in the supersonic flaw detector there 
are possibilities not previously available for the 
determination of internal imperfections in large 
masses; but a full investigation of its potenti- 
alities, as yet incomplete, would seem to be 
necessary before the instrument could be con- 
sidered as a standard tool of inspection. 


B.—Testing of Billets and Bars. 
(Contributed by W. R. YATES.) 


The supersonic method lends itself especially 
to the testing of rolled and forged material. 
Hair-line cracks, which are an occasional type 
of defect occurring in this class of product, are 
readily detected by supersonic examination. As 
a routine test for billets and bars this method is 
more positive for determining freedom from this 
defect than sectioning followed by magnetic 
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etching. In this test a known volume of the steel 
is examined, whereas the method of sectioning 
followed by magnetic etching shows only one 
plane which may not be representative of the 
whole length of the mass in question. 

The material may be tested by selecting various 
bars representative of the cast. and preparing 
surfaces on the portion to be examined by grinding 
or machining or, alternatively, specimens cut from 
the bars may be prepared and examined by the 
apparatus in the laboratory. 

In this class of forged or rolled material it is 
desirable to obtain some idea of the nature, 
magnitude, and orientation of flaws indicated by 
reflection of the supersonic wave. 


Accuracy of Location. 


An example occurred in a 64-in. sq. billet, 
where a single hair-line crack was located, and 
upon sawing at the position of the flaw a crack 
was seen in one face only; the calculated position 
was within } in. of the actual position. The 
length of the hair-line crack was found to be } in. 


Magnitude of Flaws. 


The minimum size of flaw detectable will depend 
upon the surface area capable of reflecting the 
supersonic wave. An example of a small single 
flaw in a specimen of austenitic steel is shown in 
Vig. 24, which is a macrophotograph at a mag- 
nification of 10 diameters. This small crack, 
zo in. in length, was found at a depth of 1} in. 
from the surface of examination. Clusters of 
inclusions or segregates, whilst probably of smaller 
individual area, have been detected owing to the 
total surface area becoming appreciable. 


Orientation. 


Where the specimen is of circular section, the 
probes may be rotated until the position of 
maximum reflection occurs, indicating the position 
where the greatest surface area is reflecting the 
supersonic wave to the receiver. In material of 
rectangular section, the examination is limited to 
two directions at right angles, and hence the 
orientation of an internal crack can be determined 
only approximately. 


Nature of Defect. 
In rolled and forged material the following 


types of defects have been observed: (a) Hair-— 


line cracks, (6) internal cracks, (c) segregates, and 
(d) piping. Where it is possible for two or more 
of these types of defects to be present in the 
specimen under examination, it is desirable for 
the observer to be able to distinguish between 
the different types of flaws. Internal cracks, (a) and 
(b), can usually be distinguished from segregates 
and piping, (c) and (d), by the scattering along 
the length of the bar or billet and by the position 
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of the defect or defects in the section. If the 
specimen is of circular section, rotation of the 
specimen is usually sufficient to distinguish 
between cracks and segregation, the echo vanish- 
ing when the supersonic wave travels along the 
plane of the crack. In general, as experience is 
gained with different types of defects and the 
flaws are subsequently examined by other methods, 
the diagnosis becomes more reliable. 


_ Hair-Line Cracks. 


A typical photograph of hair-line cracks in a 
6-in. sq. billet after fracture is shown in Fig. 21. 
These cracks have an appreciable surface area 


_and can be readily detected by the supersonic 


flaw detector when examined from a_ surface 
parallel to the plane of the crack. These cracks, 
however, are of small width, and cannot be 
detected from a direction in or near the plane of 
the crack, the intensity of the echo diminishing 
as the angle between the planes of the crack and 
the surface of examination increases. If the 
examinations are made from two directions at 
right angles, any crack present will almost certainly 
be detected. 

Investigations into the problem of hair-line 
cracks have been assisted by the supersonic flaw 
detector, and it has been found that continuous 
examination of a test-specimen which had been 
air-cooled after rolling enabled the incubation 
period, 7.e., the period between rolling and the 
appearance of the first flaw, to be determined 
accurately. Diagrams drawn during subsequent 
examination show the order in which the flaws 
continued to develop. An example of this is 
given in Fig. 36, which shows the positions of 
flaws detected by examination from two ad- 
jacent surfaces. Development over a prolonged 
period does not appear to follow any order, but 
provides information suggesting the steady de- 
velopment for 50 hr. after an incubation period 
of 20 hr. 

An instance has occurred where the supersonic 
test revealed hair-line cracks in a forged disc 
which had previously been reported sound after 
magnetic etching. A slice was cut from the disc 
parallel to the plane of the cracks resulting from 
forging. Polishing before etching removed the 
cracks, and hence the magnetic-etch test failed. 


~ Supersonic examination from the etched face 


revealed the cracks clearly since they were in a 
plane parallel to the surface from which the 
examination was made. 


Internal Cracks. 


In the further processing of forged bars of an 
austenitic-type steel, certain failures were ob- 
served; bars were therefore examined by the 
supersonic method and certain reflections were 
observed at several positions. After slicing along 
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the diameter and etching, internal cracks were seen 
at the position indicated by the echoes, a photo- 
graph of which is shown in Fig. 22. Although 
the percentage of this class of material which was 
found to be defective was small, the removal of 
the defective portions enabled further processing 
of it to be avoided. 


Cracks Due to Cooling Stresses. 
A 3-in. sq. billet of 44% nickel-chromium 


steel, air-cooled from the rolling temperature, - 


contained a major crack stretching from a surface 
nearly across the full width of the billet. A pro- 
nounced echo to the left of the bottom echo was 
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Fig. 36.—Development of Hair-Line Cracks with Lapse of Time. 


obtained when testing was carried out across the 
crack. No reflection from it was obtained when 
testing was carried out along the crack. 


Segregates. 


Kight-inch diameter forged bars of a high-alloy 
steel were known to contain segregation over a 
certain portion of their length. It was found that 
an accurate estimate of the length of discard neces- 
sary could be made by supersonic examination. 
Since the echoes from the segregated areas were 
of great amplitude, the examination could be 
made rapidly. 

Piping. 

A sample of high-alloy steel bar containing 
pipe gave a strong reflection midway along the 
trace, as shown in Fig. 20(c). A similar bar which 


was of the same size and composition but un- 
piped, gave a clear trace before the bottom echo. 
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The photographs of the traces indicate the mag- 
nitude of the reflected wave from the pipe. 


C.—Testing of Slabs and Plates. 
(Contributed by W. C. HESELWOOD.) 


Much of the supersonic testing of slabs and 
plates is essentially similar to that already de- 
scribed for other shapes, particularly that of 
billets and bars, since a slab or plate might be 
considered as a rectangular billet or bar having 
one small and two large dimensions. Such 
applications will not be described again here, 

except insofar as reference may 
be made to specific examples 
of particular interest. 


Hair-Line Cracks. 


(i) General_—The examination 
of slabs and reasonably thick 
plates (greater than about # in.) 
for hair-line cracks is quite prac- 
ticable by the method already 
described for billets and bars. 
The hair-line cracks, if present, 
lie in planes parallel to the plane 
of rolling, and in this case the 
lesser practicability of testing in 
two directions at right angles is 
therefore not of importance. The 
tests are carried out in the usual 
manner, working with both 
probes (with or without wedges, 
according to the thickness) on 
the same surface. 

(ii) Hair-Line Cracks Present, 
but not Detected by the Supersonic 
Method.—It is important to re- 
cord an interesting example of the apparent failure 
of the supersonic method; the term “ apparent 
failure’ is equally important, for there was a 
perfectly good reason for the negative result, 
which in turn emphasizes the undesirability of 
supersonic testing being indiscriminately em- 
ployed by untrained personnel. 

The subject was a 24-in. dia. alloy-steel plate, 
in which minute hair-line cracks were revealed by 
the magnetic etching of a cross-section (Fig. 25, 
actual size) but which showed nothing, other 
than the bottom echo, when tested by supersonics. 

The reason was that the diameter of the cracks 
was considerably smaller than the wavelength 
of the supersonic beam employed. Further 
reference to this point is made in Section 2 of 
this paper. 
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Laminations in Plate. 
A particular trouble associated with steel plate 
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is the presence of lamination, due, for example, 
to the rolling-out of pipe incompletely removed 
from the original ingot. A portion of the plate 
contains a plane of separation lying parallel to the 
plane of rolling and usually occurring approxi- 
mately midway across the thickness. This is a 
major defect, and in the thicker sections (about 
? in., upwards) a plate can be explored from one 
surface by normal methods. 

For thin plate, a more certain method is to 
carry out the test by transmission, 7.¢., by holding 
the transmitting and receiving probes opposite 
each other on each side of the plate. If the plate is 
sound, a strong signal is received, but if laminated, 
the signal is considerably reduced in intensity 
and usually completely eliminated. The result of 
a particular test on a piece of 0-33-in. plate is 
shown in Fig. 26. This plate was explored by the 
supersonic method, and the laminated area so 
determined was outlined with white paint and 
photographed. The plate was then sectioned into 
strips and the limits of the lamination determined 
by magnetic etching; these results are super- 
imposed on the photograph (Fig. 26). The actual 
experimental points are shown encircled, and the 
agreement is seen to be quite good; the differences 
are within the limits to be expected with the size 
of exploring probes used. - 

It is not difficult to construct special tongs to 
hold the probes correctly on either side of the 
plate. Also, it is fortunate that the as-rolled 
surface of steel plate is normally good enough not 
to require any special preparation. 


Composite Plate. 


In composite plates consisting of two materials 
(e.g., mild steel and stainless steel) welded to- 
gether, there may be areas over which adhesion 
is poor. The problem of detecting such areas is 
essentially the same as that of detecting lamina- 
tion, and the same methods may be used. 


Examination of Thick Rolled Slab. 


A 103-in. thick slab had shown extensive axial 
cavities after removal of the “top” discard, and 
supersonic testing was resorted to in the deter- 
mination of the extent of penetration of this un- 
soundness, with a view to utilizing the sound 
portion of the slab. 

The entire surface of the slab was supersonically 
tested after machining. Over the top central 
portion, where no bottom echo could be obtained, 
major defects were presumed ; over a considerable 
extent of the remaining surface there was evidence 
of numerous small discontinuities, while towards 
the extreme bottom end, only traces of discon- 
tinuities were indicated. 

A quarter longitudinal section of this slab gave 
good confirmation of the supersonic estimate, as 
shown in Fig. 27, in which an indication of the 
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supersonic results is shown superimposed on a 
photograph of the section. The discontinuities 
found in the area of lesser unsoundness are on 
the whole of a small order, and those associated 
with the primary segregation there are merely 
incidental, their presence in a mass of this nature 
being virtually unavoidable. 

The area of slight responsiveness at the 
“bottom ”’ end showed no discontinuities on 
half-sectioning, but, quite possibly, irregularities 
of an extremely small order may have been present 
elsewhere, through the thickness of the slab at 
this position. 

Here is an instance, therefore, where negligible 
irregularities in a large mass are clearly recorded 
supersonically as a result of the use of an in- 
strument having a high degree of sensitivity ; 
the need for discriminate interpretation of the 
results obtained, with consideration of the nature 
of the specimen is once again emphasized. 


Detection of Craeks Caused by Flame-Cutting. 


This is an example of a general nature. When 
examining a 44-in. alloy-steel plate which had been 
flame-cut, strong reflections revealed the presence 
of a crack that had been produced by the stresses 
set up during flame-cutting. The crack was made 
visible on lightly grinding the side surface (Fig. 28). 


D.—Testing of Castings. 
(Contributed by G. T. Harris.) 


The supersonic flaw detector has been applied 
to the examination of a variety of castings, and 
some of the observations made are recorded below. 
In general, it has been found that the flaw de- 
tector has been of use in the examination of 
castings for areas of porosity and internal cavities, 
provided that these areas are of appreciable size. 
In certain cases, particularly on ingots, results have 
been negative, apparently owing to the general 
looseness of the structure. 

Examination of cast armour plate has been 
found to yield information on the location of 
areas of porosity. After preparing the surface of 
a 20-mm. thick, cast plate on a shaping machine, 
a defective area was revealed, at approximately 
half depth, which could be traced satisfactorily, 
and subsequently confirmed by an X-ray radio- 
graph. Examination of a cast-steel tank turret, 
with an average thickness of the order of 5 in., 
enabled the position of certain shrinkage cavities, 
due to inequality in section, to be mapped out. 
Preliminary examination carried out from the 
machined top surface gave the approximate 
position of the defects, which were subsequently 
located more precisely by examination from the 
surface of the casting. In this case the surface 
was not specially prepared, contact being estab- 
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lished by means of plasticine, and using the 
technique described in Part IV. Although the 
areas were located, they were considered to be 
of the order of only } in. in dia., and subsequent 
firing trials showed no detectable difference in the 
ballistic properties. It was evident, however, that 
the method would be of great use in the examina- 
tion of such castings for location of shrinkage 
cavities. 

In certain cases it has been found that, owing 
to the generally more open structure of castings, 
better results can be obtained using a lower 
frequency of supersonic wave in order to reduce 
the general scattering. For instance, examination 
of a casting varying in thickness from 14 to 3 in., 
using the bare quartz on flat smooth surfaces 
demonstrated that, with the 24-Mc. /sec. filter, no 
clear bottom echo could be obtained at certain 
parts of the casting, but that this difficulty could 
be overcome by the use of a 0-8-Mc./sec. tuned 
circuit in the transmitter. Variable results have 
also been obtained on the estimation of the chill 
depth of chilled cast-iron rolls. Preliminary 
results were promising, but a further examination 
of the problem showed that in its present form the 
supersonic method could not be considered re- 
liable, probably owing to the “ looseness ”’ of the 
cast structure. In this case, again, it is possible 
that further progress might be possible by the 
use of supersonic waves of lower frequency and 
correspondingly longer wavelength. Similar 
difficulties have been observed in the examination 
of large ingots in which it has normally been found 
impossible to obtain any definite indication of an 
echo either from the bottom or from internal 
free surfaces. This applies even when a corner is 
planed at 45° in order to project the supersonic 
beam along the primary dendrites, and it is 
evidently due to complete internal scattering of 
the beam. 

Successful results have been obtained with the 
method in the examination of cast-iron castings, 
provided that the casting has a sufficiently large 
flat surface on which the probes can be used, and 
that the metal thickness is greater than about 
4 in. In such cases, the method has proved of 
considerable value, and little hindrance has been 
found from the presence of the usual graphite 
flakes in cast iron. In a particular case where it 
was thought that reflections were being obtained 
from the graphite, a microsection indicated the 
presence of scattered porosity, which was presum- 
ably the cause of the observed echoes. A typical 
example of a successful application of the method 
to cast iron is illustrated in Figs. 29 and 30. 
Fig. 29 shows a pencil tracing taken from the 
screen during examination of a pulley casting of 
approximately 3 in. thickness. The material was 
found to be largely sound, but a particular part 
gave strong indications of a fault at an estimated 
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depth of 14 in.; this was confirmed by subsequent 
sectioning, as shown in Fig. 30. This application 
has proved of some interest, as examination 
of such components was previously impossible, 
and defects near the bore were discovered only 
on final machining. 


E.—The Testing of Welds. 
(Contributed by J. GLEN.) 


The chief defects which may arise in welded 
steel structures are slag entrapment or blowholes 
in the weld metal, and cracking either in the weld 
or in the thermally disturbed zone of the parent 

late. 

: At. present, the principal method of non- 
destructive testing of welds is radiography, but 
this method requires that the defect extend 
through at least several per cent of the plate 
thickness; also, as the plate thickness increases, 
very powerful equipment is necessary to reveal 
defects. 


Material and Apparatus. 


The material consisted of steel’ plate of 1-3 in. 
in thickness, which had been butt-welded by the 
electric-arc process. It ranged from mild steel 
to low-alloy steel, so that the hardness at the weld 
junction varied up to a maximum sufficient to 
cause cracking. The welds were made with both 
ferritic- and stainless-steel electrodes. 

The apparatus used was the Mark I. supersonic 
flaw detector, fitted with a 14- or 24-Mc./sec. filter. 
This* apparatus is not nearly as sensitive as 
subsequent models of the same type. - 

To simplify the description of the results 
obtained, the data have been grouped under the 
type of defects, as follows : 


Welds Free from Defects. 


(a) No Preparation of Surfaces Using the 30° 
angle probes and keeping the distance between 
the wedges fixed so as to give the maximum 
bottom echo for the particular thickness of plate, 
attempts were made to retain the bottom echo as 


the probes were moved across or along the weld. 


Even with the liberal use of amalgam, or plasticine 
impregnated with oil, it was impossible to obtain 
any echo at all with the probes in contact with 
the weld-metal surface. . 
One other method was possible, namely, by 
applying the probes to the gas-cut edges of the 
parent plates, so that the supersonic beam travelled 
parallel to the plate surfaces, as shown in Fig. 37. 
In every case good echoes were received from the 
opposite edge of the welded plate. The maximum 
size of plate tested was 2 ft. 6 in. sq. It was 
thus established that the varying hardness and 
microstructure of the thermally disturbed zone, 
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and also the composition of the weld metal, did 


not produce severe damping or reflection of the . 


supersonic beam. 


Probes Probes 


Fic. 37.—Method of Using Flat Probes on Gas-Cut 
Edge. 


(b) Weld Metal Roughly Buffed Flush with 
Plate—No great care was taken to achieve dead- 
flat surfaces. Owing to the undulating nature of 
the buffed surfaces, it was found necessary to use 
amalgam, or plasticine impregnated with oil, 
with the 30° angle probes. The plate was then 
scanned by the usual method, as shown in Fig. 38. 

An echo received before the bottom echo in- 
dicates a defect parallel to the plate surface, 
while a diminution of the bottom echo indicates 
a defect perpendicular to the plate surface. 


Defect 


(a) 


foitiel 
pulse. 


Bottom 
echo. 


fnitias 
pulse. 


() 


Fic. 38.—Method of Using 30° Wedges for Detecting 
(a) horizontal and (b) vertical defects. 


Owing to the hills and hollows made by the 
buffing and also, in some cases, to the fact that 
the plates after welding were not dead flat, it 
was found that the amplitude of the bottom echo 
varied greatly, as if there were a vertical defect. 
On varying the distance between the probes, it 
sometimes appeared that there was total re- 
flection from a horizontal defect in the weld. 
In effect, any result can be obtained, either 
through bad contact between probes and metal, 
and/or through slight tilting and slewing of the 
probes so that they are no longer parallel. 
1946—i 
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(c) Weld Area and Adjacent Plate Surface 
Machined or Buffed Dead Flat—With proper 
preparation of the surface, no difficulty was 
found in obtaining a consistent bottom echo, 
thus demonstrating that the welds were free from 
major defects. 


For the experiments given in the following 
description of the detection of defects, a sufficient 
area of the plate was machined flat to ensure 
reliable results. 


Slag Entrapment. 


Two typical examples of slag entrapment in 
welds were obtained : 


(a) l-in. thick mild-steel plate, hand-welded, 
using a single V-edge preparation. There was 
excessive slag entrapment about the centre of 
the weld. 

(b) 3-in. thick low-alloy steel plate, hand- 
welded, using a double V-edge preparation, and 
stainless-steel electrodes. A section through the 
defective area is shown in Fig. 31. 


Since the defects were essentially parallel to 
the plate surface, they were readily detected as 
an echo received before the bottom echo, as in 
Fig. 38 (a). Had they been essentially per- 
pendicular to the plate, they would have been 
revealed only by a diminution of the bottom echo, 
as shown by Fig. 38 (0). 

Cracking. 

Typical examples were as follows : 

(a) 14-in. thick mild-steel plate, welded by the 
electric-are process, using a single V-edge prepara- 
tion. The weld was 2 ft. long and was found to 
be cracked for a distance of about 6 in. from each 
end. A positive print from a radiograph of part 
of the weld length is shown in Fig. 23, and a 
section through the weld showing the crack, in 
Fig. 32. 

(6) 2-in. thick low-alloy steel plate, welded by 
the electric-arc process, using a single V-edge 
preparation. Five runs were used to fill the V. 
In one area of the plate, a small vertical crack, 
4 in. deep x 1 in. long, was found in the first 
run of weld metal, as indicated in Fig. 33. . 

(c) 3-in. thick low-alloy steel plate, welded by 
using a double V-edge preparation. and stainless- 
steel electrodes. A large crack was found at the 
weld junction of one side of the V, as shown in 
Fig. 34. This crack did not quite extend to the 
surface of the plate. The cracks in the weld were 
all essentially perpendicular to the plate surface, 
and thus, by the method shown in Fig. 38 (6), the 
defects were revealed only by a diminution of the 
bottom echo. By this method the crack in the 
weld shown in Fig. 33 was too small to be detected 
by the Mark I. equipment. Confirmation of the 


_ presence of the cracks was obtained by the method 
, Z 
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shown in Fig. 37, the weld seam being normal to 
the supersonic beam. In this case, a reflection 
was obtained, even from the small crack present 
in the weld shown in Fig. 33. 


Conclusions. 

With the Mark I. equipment it appears that 
the varying hardness and microstructure of the 
thermally disturbed zone of the parent plate, and 
also the structure and analysis of the weld metal, 
do not cause any appreciable damping or re- 
flection of the supersonic beam. 

The first essential in the satisfactory testing of 
welded plates is to ensure that the surfaces of 
the weld and adjacent parent plate are finished 
dead flat. With this proviso, defects horizontal 
to the weld surface can be detected in the usual 
way by an echo received before the bottom echo. 
Vertical defects are revealed by a diminution of 
the bottom echo. They are also readily revealed 
in the usual way by testing from the plate edges. 
This method, however, is not always possible. 

Considerably more work is necessary, using the 
most up-to-date equipment, to establish fully 
the above conclusions and to determine the 
actual size of the defects. 

A great advantage of the supersonic method of 
testing is that very thick welds are well within 
its scope, and it should thus be possible to reveal 
flaws which the radiographic method might not 
detect. 


Part IV.—THE TECHNIQUE OF SURFACE 
TRANSMISSION. 


(Compiled by W. R. YATES.) 


As a result of close collaboration between the 
investigators, considerable improvements in tech- 
nique have been developed. The effects of these 
improvements are reflected in an increase in the 
range of articles which can be examined with this 
instrument. 

In order to obtain transmission of the supersonic 
wave from the quartz crystal to the steel, it is 
necessary to ensure good contact between the 
crystal and the steel. In the course of the ap- 
plication of the supersonic flaw detector to 
steelworks problems it was found that transmission 
through an oil layer on rough surfaces similar to 
those encountered with rolled material was un- 
satisfactory for the detection of defects, and 
presented a serious problem to the users. It may 
occasionally be impracticable to smooth-machine 
all the material that has to be tested, and the 
devising of alternative techniques was therefore 
necessary. 


Preparation of Surfaces. 


For the routine examination of specimens 
obtained from billets, the practice of machining 
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the surface is the most satisfactory as the surface 
produced enables a rapid examination to be 
made. Where the material is of square section 
two adjacent surfaces are prepared in order to 
be sure that flaws which lie in a plane perpendic- 
ular to the surface of examination can be located ; 
a reliable estimation of the size and character of 
the flaws can then be made. 


Surface Grinding. 


Where it is inconvenient to machine a billet 
of large section, the hand grinder provides a 
quick method of preparing suitable test-areas. 
At first, such tests were made with an ordinary 
hand grinder having a periphery-type wheel, and 
it was found that after a little practice a test-area 
could be prepared which would give usable results, 
and which could be further improved by the use 
of a sander. Later, a cup-shaped hard resinoid- 
bonded wheel proved much superior for obtaining 
a good flat test-area. , 


The Use of Plastics. 


Numerous articles with curved surfaces require 
examination after machining. An adaptor which 
can be manufactured rapidly and which will 
conform to the curvature of the surface, can be 
made from a transparent plastic such as Perspex. 
Adaptors made from this material may be moulded 
by pressure at 135°C. A strip, 1} in. sq. x } in. 
thick, is pressed on to the surface of the specimen, 
using a metal former to produce a cavity which 
will hold the probes. The pressure may be applied 
by a hydraulic press, e.g., the crosshead of a 
tensile machine is sufficient, or, if the article to 
be examined weighs more than 1 cwt., the weight 
of the article is sufficient to produce the necessary 
curvature of the plastic. Fig. 14 (a) shows the 
application of this technique. Since each adaptor 
will cover a range of curvature, a series covering 
all ranges of curvature likely to be encountered 
can be made for permanent use. In common with 
the amalgam technique, this method reduces the 
magnitude of the transverse wave, so simplifying 
the examination of large sections. 


The Use of Plasticine. 


A recent innovation is the use of plasticine. 
This technique is of particular value for rough 
surfaces, even when they are not horizontal, and 
it is also suitable for the rapid examination of 
rough surfaces where the area to be examined is 
relatively small. The probes are covered with a 
layer of plasticine about 4 mm. thick, and are 
then pressed firmly on the surface to be ex- 
amined. The probe is removed from the surface 
when it has to be moved -to a new position, as 
sliding tends to strip the plasticine. 
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The Use of Amalgams. 


Instances occur when the specimen to be ex- 
amined has a rough surface which may not be 
machined. A technique which enables articles 
with rough surfaces to be examined without 
preparation involves the use of amalgams. The 
most effective elements for this work are tin and 
cadmium, and the amalgams may be prepared 
with either or both of these elements. A suitable 
amalgam can be prepared by shaking cadmium 
and tin filings in the proportion of 6°% of cadmium 
and 3% of tin, with mercury in a hot 10° solution 
of ammonium hydroxide. When complete amal- 
gamation has taken place, the alloy is chilled and 
dried, and will be of a pasty consistency at 16° C. 
If the operating temperature is higher, it is ad- 
visable to add more tin and cadmium in order to 
retain the correct consistency. The amalgam 
should be used on a clean, dry surface to minimize 
contamination, and considerable pressure should 
be applied to fill cavities occurring in the surface. 
This method of examination is relatively slow 
compared with oil, but has the advantage that 
the transverse waves may be eliminated from the 
trace if the amalgam under the two probes is 
not allowed to join. The relative transmission of 
the supersonic wave through the mercury-steel 
interface is slightly less than when using oil on a 
smoothly machined surface, but on a rough-cast 
or a rolled surface, the results obtained with 
mercury amalgams as the medium of transmission 
are superior to those obtained with oil. 


The Use of Magnetic Clamps for the Probes. 


When using the supersonic method for detecting 
flaws in steel, the transmitting and receiving 
probes have to be held firmly in position, either 
directly on the steel surface for normal trans- 
mission or together with the use of steel wedges 
for transmission at an angle inclined to the normal. 

The ordinary method has been to hold the 
probes in position by hand, but this is sometimes 
awkward, and in any case there are advantages 
in having the hands entirely free for other purposes. 
It was thought that when testing ferrous materials 
(other than austenitic), magnetic clamps might 
be useful, and this note describes what has been 
done in preliminary tests. These tests have 
established the principle using some chromium 
magnet steel which was immediately available, 
and particular designs could now be improved by 
the use of magnet steel possessing more powerful 
properties. 

(i) Clamp for Normal Incidence of the Supersonic 
Beam.—The magnet can be of the horseshoe type, 
bridging the probe and with a hole in the centre 
to accommodate the flexible lead thereto. The 
magnet clings to the surface of the specimen under 
test, and a light spring between magnet and probe 
supplies the necessary pressure to hold the probe 
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firmly against the surface. The principle is 
illustrated in Fig. 39; the unit shown was more 
conveniently built up, with materials available, 
as a composite magnet of magnet steel and mild 
steel, instead of using magnet steel throughout. 

Using a more powerful magnet material of the 
iron—nickel-aluminium-cobalt type, a small, neat, 
and strong magnet clamp could be made. 

(ii) Clamp for Inclined Incidence of the Super- 
sonic Beam.—Two methods have been considered : 
(a) The use of a clamp operating as described 
above, but in this case pressing the wedge unit 
against the surface, and (b) making the wedges 
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Fic. 39.—Magnetic Clamp for Supersonic Probe. 


of magnet steel so that they themselves cling 
to the surface. Considered as magnets only, 
these wedge shapes constitute an _ inefficient 
design, but a sufficiently strong attractive force 
has been obtained for the present purpose. 

A second type, in which the probes are held in a 
single headpiece, and hence at a fixed distance 
apart, is shown in Fig. 35. The clamp is made of 
magnetized blocks and the probes are pressed 
by springs on to the surface of the steel. The 
method is particularly applicable for the ex- 
amination of large depths of material. The use of 
a holder simplifies photography of the trace, 
enabling the operator to have both hands free, 
and eliminates variation in pressure during the 
exposure. 


The Probes. 


Increased amplitude is achieved by the use 
of the quartz crystals applied directly to the 
specimen, eliminating loss through the oil film 
and the copper disc. It was found that the copper 
discs originally used with the instrument were 


340 P 


damaged by rough surfaces, causing reduction in 
transmission of the supersonic wave. Steel discs 
are now commonly used, and may be made 
satisfactorily up to % in. in thickness. 

Where contact between the quartz disc and the 
steel is not uniform, anomalous results may be 
obtained. An instance occurred where a roughly 
machined surface caused echoes to be distributed 
along the trace. ‘The echoes were no longer 
present when the surface had been made smoother, 
and it is presumed that the echoes must have been 
due to the transverse waves travelling along the 
surface. 


Part V.—DESIRED FEATURES OF THE 
APPARATUS. 


The following observations constitute a con- 
sensus of the views of the observers (who have 
applied the supersonic method to steelworks 
problems) on the desired features of the apparatus. 
The suggestions are intended to indicate the limi- 
tations of the present equipment rather than to 
assess its merits, which must be apparent from the 
preceding sections. They are not intended as 
final recommendations, for the scope of this 
method of testing has not yet been fully explored, 
but rather as the result of observations from the 
work which has already been carried out with the 
Mark I. apparatus. The remarks may be con- 
sidered separately as applying to (a) the mech- 
anical, and (b) the electrical features of the 
apparatus. 


(a) Mechanical. 


Portability —In order that the instrument may 
have the widest possible use in the works as a 
tool for making a rapid internal survey of large 
masses, it is essential that the set be portable. 
The original apparatus was housed in two cases 
with a total weight of approximately 160 lb. 
This weight has been considerably reduced in 
subsequent models. 

Compactness.—The size of the instrument is 
of importance in so far as bulkiness reduces 
portability. However, any reduction in size and 
weight which involves reducing the size of the 
cathode-ray tube leads to increased eye strain on 
the observer, particularly for semi-distant viewing. 

Sturdy Construction—The construction of the 
equipment should be sufficiently robust to with- 
stand the conditions likely to be encountered 
during transportation through the works. The 
danger of rough handling may be reduced by 
mounting on rubber cushions the trays carrying 
components of a fragile and delicate nature. 

Waterproof Probes and Leads.—The probe leads 
are damaged when drawn across sharp metal 
edges, and they absorb oil or water from the sur- 
roundings, which is difficult to remove without 
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stripping the insulators, and this is a tedious 
process. The leads and heads of the probe 
should therefore be armoured, and proof against 
penetration, especially by water which in the 
present design of probes is liable to result in 
electrical shorting and reduction of signal strength. 

Calibration of Depth—A scale on the tube, 
calibrated to read the depth directly for each 
setting of the time base, is desirable. As the 
characteristics of the electrical components of 
each set vary, and the time base over certain 
ranges is non-linear, separate calibration for each 
set is necessary. 

Camera.—lIt has sometimes been advantageous 
to take photographs of the trace during examina- 
tion to provide a permanent record of results. 
The present system, which involves setting a 
camera for a time exposure in a relatively dark 
room, is not always convenient. The proposal 
has been made by the investigators of having a 
camera which can easily be attached to the tube 
unit, and from which several photographs could 
be taken in sequence. 


(b) Electrical. 


Variable Sensitivity.—It is frequently difficult 
to estimate the size of the flaw detected. To 
overcome this an additional feature which would 
make possible the use of a known and variable 
sensitivity would be of the utmost value. The 
sensitivity is, in some measure, determined by 
the frequency, and a variable frequency within 
certain limits may help in determining the size 
of the flaw located. 

Sensitivity on Rough Surfaces.—The sensitivity 
on rough surfaces has been improved by the use 
of amalgams and filters, but further improvements 
are required before these methods can be con- 
sidered satisfactory for practical purposes. 

Testing to Great Depths—In testing to great 
depths, the wave-form of the echoes becomes 
very short and sharp, so that the trace gives 
reduced information about the nature of the flaw. 
Under such conditions the echo has to be ex- 
amined under greater resolution, as in smaller 
specimens. 

Dead Zone.—Owing to the inability with the 
present probes to receive reflections of the wave 
from discontinuities at less than 4 in. from the 
surface, there is in effect a dead zone in which 
flaws cannot be located.. A reduction in the depth 
of this zone to, say, #; in., would be desirable to 
enable flaws immediately below the surface to be 
located. 

Single Transceiver—aA single transceiver in 
which the same quartz crystal is used for both 
transmission and reception of the supersonic wave, 
might provide the solution of the dead-zone 
problem, and be of additional assistance in other 
problems. 
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Scanning Mechanism.—A further long-time re- 
quirement would involve the use of some scanning 
mechanism, as employed in radiolocation, to 
eliminate the necessity of searching for defects 
by traversing the detector. This may or may not 
involve the use of a single transceiver, which is in 
itself a desirable feature, although there are 
certain occasions where it would be preferable to 
use separate transmitters and receivers. 


Part VI.—TuHe FuNcTION oF SUPERSONIC 
TESTING. 


It is apparent from this review that supersonic 
testing has so far been found capable of revealing 
the presence of those discontinuities in steel which 
are able to reflect the supersonic wave. It con- 
stitutes a new field of non-destructive investigation 
of the properties of the products of steel manu- 
facture, but considerable work remains yet to 
be done in the correlation of the effects found and 
the behaviour of the article in service. Accord- 
ingly, it should not yet. be regarded as a com- 


prehensive method for the acceptance or rejection. 


of all material. 

If the results of any pertinent system of testing 
are properly interpreted, they can be made a 
valuable aid to the steelmaker in controlling the 
quality of his product. If they are used in- 
discriminately or even prematurely they can be 
abused and misinterpreted. It is frequently a 
most difficult matter to draw any line of demarca- 
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tion between occasions when the indications of a 
test are of significance in the use to which the 
material is ultimately to be put, and when they 
are not. It may be a relatively simple matter to 
discriminate between extremes, but in the broad 
borderline between the two, interpretation be- 
comes a matter for expert handling. 

Furthermore, in this new field, a considerable 
period of development may yet be necessary 
to establish the meaning of any particular set of 
observations. In this respect all new methods 
of testing have required a period of trial, and 
reliable interpretation has emerged only after 
considerable investigation and use. 

Supersonic testing is but one of the many 
metallurgical tests which need relating to service 
behaviour before their significance can be estab- 
lished. Amongst these are magnetic crack de- 
tecting, radiography, fracture and deep-etching 
tests. Indeed, none of the more or less standard 
methods of examination which have been very 
thoroughly investigated and almost universally 
practised, should be used without due cognizance 
being taken of their limitations. 

Accordingly, supersonic examination should be 
regarded primarily as a new instrument of in- 
vestigation, capable of giving information about 
the internal character of masses of steel, which 
cannot at present be obtained by alternative 
means. It does not, of itself, distinguish the 
bearing which the observations may have on the. 
suitability of a material for any specific purpose. 


DISCUSSION. 


(Figs. D to H = Plates XXXA, and XXXB.) 


In the absence of Mr. D. O. Sproule, Mr. A. C. Rankin presented Section 2 of the paper, and 
Section 3 was presented by Dr. C. H. Desch, F.R.S., on behalf of Mr. W. J. Dawson. 


Mr. L. RornerHaM (Messrs. Thos. Firth and 
John Brown, Ltd.) : I do not wish to add anything 
to the written matter in the paper in so far as it 
deals with large masses of steel, but I should like 
to add a little emphasis to Dr. Desch’s remarks 
on the damping-capacity measurements, partly 
because I do not think that the importance of 
the work is fully realized. Damping-capacity 
measurements of the kind that Dr. Frommer 
started are, I think, more selective if they are 
properly interpreted than are the supersonic 
observations. The contributions to damping of 
elastic phenomena and the effects of heat-treat- 
ment, plastic phenomena, and flaws can be 
distinguished to an extent; but that is not 
possible with the supersonic apparatus and, in 


fact, the total scattering of energy is not measured, 
but only that energy which is scattered in a 
particular direction. That, I think, is the serious 
limitation at the moment on interpreting the 
results, and it is the reason why the contributors 
to Section 3 of the paper tend to be guarded 
in their statements as to the information which 
can be obtained by supersonic testing. 

Both Mr. Rankin and Dr. Desch, in presenting ~ 
the paper, referred to the attenuation of supersonic 
waves in metals, and that is a line of investigation 
which we are studying. I cannot say that we 
have had any success at the moment, but it 
seems to be fairly obvious that when dealing with 
segregates and inclusions, for example, they 
present a different area to the supersonic beam 
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according to the direction in which it is passing 
through the material; the scattering will be 
different, and consequently so will the attenuation 
of the waves, according to the direction in which 
they are passed through the steel. We all know 
that the mechanical properties are themselves 
dependent on the direction in which the test-piece 
is cut, and I am hoping that by a more intensive 
study we shall be able to obtain some correlation 
between a quantitative measurement with the 
supersonic apparatus (as opposed to the qualita- 
tive which we have at the moment) and 
mechanical test figures; this will help us a good 
deal in interpreting the results. 

I had hoped at one time that we could single 
out the effects of damping capacity and scattering 
but, at the moment at any rate, that seems to be 
too difficult for theoretical interpretation, and 
we shall have to be content with the experimental 
approach. 

I mention this not because we have not so far 
obtained any success, but in the hope that other 
people who may have done something similar, 
or perhaps the representatives of Messrs. Henry 
Hughes and Son, Ltd., may be able to give us 
some advice which they feel would be helpful. 


Mr. H. Nicuotson (English Steel Corporation, 
Ltd.): Some of the advantages and limitations 
of supersonic testing have been outlined in the 
paper and I am sure that the matter made 
available therein will prove to be of considerable 
value to those considering the application of 
supersonic principles to their testing problems. 

Complementary to those examples given in the 
paper, and with particular reference to the larger 
masses of steel, it might be mentioned that subse- 
quent work has been of a confirmatory nature and 
has resulted in quite definite responses being 
obtained from hair-line cracks, from large-type 
inclusions, and from internal-shrinkage cavities. 

I should like to emphasize, however, that, in 
general, only when the results have been supported 
by other methods of testing, has a definite decision 
been reached with regard to the suitability of an 
item for service. I feel that Dr. Desch has quite 
correctly emphasized the limitations of the 
supersonic instrument as an all-purpose method 
of inspection. In its present stage of development 
it is proving most useful in the investigation 
of internal soundness in steel forgings, castings, 
&ec., but it would seem that the stage has not 
quite been reached when the supersonic test can 
be used and universally accepted as a specified 
method of testing. 


Professor P. G. Bastien (Messrs. Schneider 
& Cie., Paris): I have read the paper with great 
interest, and desire to congratulate warmly 
Dr. Desch and his co-authors on having elaborated 
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a method which permits the detection of defects 
in components at a considerable distance from the 
surface, i.e., in cases which arise frequently 
when magnetic and fluorescence methods cannot 
be used. 

Although submarine echo-sounding by means 
of supersonic waves owes much to the work of the 
French physicist Langevin, this method has not 
been applied to metal components in France, 
and therefore there are only a few questions 
which I can put to the authors. In the case of 
very large components, such as the rotors of power- 
ful turbo-alternators, the simultaneous propaga- 
tion of longitudinal and transverse vibrations 
ought to be easy; is a satisfactory elimination 
of the transverse waves always possible? Further, 
would the supersonic method, if applied alone, be 
sufficient to characterize hair-line cracks or 
other discontinuities in a large forging, and be a 
suitable basis for the acceptance or rejection 
of the piece in question? Put in another way, 
it is possible with components of small or medium 
thickness to explore by X-rays the doubtful 
regions to which the supersonic method has called 
attention. In view of the fact that this is not 
possible in the case of large components it would 
be of interest to learn the authors’ opinion on the 
applicability of the supersonic method by itself. 


Mr. N. 8. BRoMMELLE (British Aluminium Co., 
Ltd., Gerrards Cross, Bucks): My interests lie 
in the aluminium industry and not the steel 
industry, but I take it that many of the properties 
of the supersonic flaw detector are applicable to 
aluminium problems just as much as to steel 
problems. I should like to ask whether the super- 
sonic method could be used for the detection of 
pin-holing in aluminium blocks, castings, &c., 
as an assessment of porosity, and exactly how it 
would be used for that purpose; would it be done 
by attenuation or would you use a very high 
frequency and detect, as it. were, individual 
pin-holes in a given region? I should like to 
know whether the methods of attenuation have 
actually been worked out for that purpose. 

Secondly, I noticed in the paper that the use of 
plastics and plasticine is recommended for inter- 
posing between the test-probes and rather irregular 
or curved surfaces. Has that been developed ? 
It seems to me that it would greatly facilitate the 
investigation of curved and very irregular surfaces. 

One point which has not been fully dealt with 
in the paper is the effect the supersonic wave 
has on metallic inclusions—such as segregates 
of microconstituents in aluminium, for example, 
CuAl,, and iron-silicon-rich phases. Is it possible 
to detect inverse segregation of the type that 
frequently occurs at the surface of aluminium 
rolling slabs? In cases where the segregate of 
iron-silicon-rich metal has to be removed by 
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scalping, it would be interesting to know whether 
the detector could be used to find out whether the 
scalping has been carried out satisfactorily. 


Mr. E. G. Stanrorp (Aluminium Laboratories, 
Limited, Banbury): In the discussion of this 
excellent paper I thought that it would be of 
interest to review, briefly, some of the work 
which has been done at Aluminium Laboratories, 
Limited, on the application of the supersonic 
flaw detector to the detection of internal defects 
in light-alloy extrusions and cast billets. In the 
course of this, | may perhaps provide the answer 
to some of the questions which were raised by Mr. 
Brommelle. 

The conclusions drawn in the paper from the 
work which has been carried out on the inspection 
of steels indicate to me that it is considerably 
more difficult to evaluate the characteristics of 
internal defects in steels than it is in light alloys 
and, while the supersonic test has been established 
on a routine basis in the aluminium industry, 
using semi-skilled labour for its operation, this 
has not been possible in the iron and steel industry. 

For the routine examination of extruded rect- 
angular sections we have mounted the apparatus 
behind a line of rollers on which the sections 
move forward; the operator stands opposite 
the cathode-ray tube and holds the crystal probes 
on to the surface of the section. For the examina- 
tion of extruded cylindrical bar and cast billets, 
the bar, or billet, is mounted in a cradle and ar- 
ranged to rotate about its own axis in addition 
to travelling forward on the conveyor. 

Extruded surfaces require no preparation prior 
to the examination. Cast surfaces are a little 
more difficult and often require machining 
or grinding. The surface transmitting medium 
used is a solution of lanolin in white spirit; 
this was chosen because it is normal practice to 
dispatch light-alloy, semi-finished components 
with a protective coating of lanolin. 

A type of crack which is sometimes found in 
rectangular spar sections is shown in Fig. D, 


Fig. A.—The Form of the Cathode-Ray Trace which 
Indicated the Presence of the Crack Shown in Fig. D. 


and the form of the cathode-ray trace which 
indicated the presence of this crack is shown in 
Fig. A. It will be noted that the bottom echo 
appears to have moved forward bodily along the 


343 P 


trace and it has been found, in the case of rect- 
angular sections, that whenever such an indication 
appears on the screen it denotes the presence of a 
large defect, as, of course, might be expected. 

In rectangular extruded sections we have found 
from time to time that we detect minute defects 
which are smaller than the wavelength of the 
transmitted pulse. Fig. E shows such a defect 
which, from the photomicrograph shown in 
Fig. F, was found to be of the order of 0-03 in. 
wide (in the direction of the cross-section). The 
frequency of the supersonic pulse used was 24 
Mc./sec., corresponding to a wavelength of the 
order of 0-1 in. Fig. B is a diagram of the 


Fie. B.—The Form of the Cathode-Ray Trace which 
Indicated the Presence of the Defect Shown in Fig. E. 


trace which indicated the presence of this defect 
and it is seen that the reflection from it was of 
higher frequency than the bottom echo; thus we 
assume—and J should like to. have the authors’ 
opinion on this matter—that such defects are 
detected by the reflection of the higher harmonics 
of the supersonic note sent out by the transmitter. 

From the inspection of extruded cylindrical 
bar it is considerably more difficult than with 
rectangular sections to form an idea of the size 
and type of any defect which may be present within 
the bar. This is probably due to the fact that only 
a small proportion of the total amount of energy 
emitted by the transmitter reaches the receiver 
and, in my opinion, it would be worth while 
experimenting with the design of the transceiver 
unit, for I believe that better results would be 
obtained by the use of cylindrically curved crystals 
fitted to cylindrically curved shoes. 

The question of the detection of segregation 
has been raised. Dr. H. K. Hardy has been 
working with us on the metallurgical side and 
in testing specimens provided by him we have only 
been able to detect the presence of segregates of 
the MnAl, type, using the 24-Mc./sec. pulse. This 
type of segregate contains minute cracks, but 
since in the samples tested the volume of segrega- 
tion was composed of a large number of minute 
particles, the largest of which was of the order of 
0-001 in. in dia., it is most unlikely that these 
cracks provided the means of detection. The 
other alternative is that detection was effected 
by reflection from the boundaries of the segregate ; 
if such was the case, we are immediately con- 
fronted by the need for providing a reason for 
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our inability to detect other types of segregation, 
such as, for example, eutectic segregation which 
does not contain cracks. Furthermore it seems 
reasonable to expect that, within the volume of the 
segregation, scattering, rather than reflection, 
of the supersonic beam would take place. We 
cannot explain why we manage to detect this 
MnAl, type of segregate and I should appreciate 
the opinions of the authors on this subject. 

In the examination of cast billets we have, in 
some cases, experienced trouble owing to porosity, 
but this has been overcome by the use of filters 
and we now feel confident that by searching from 
the cylindrical surface of the billets we can detect 
the presence of any internal cracks. We should, 
naturally, prefer to search from the sawn ends 
of the billets, but when we do this we get rather 
peculiar effects. Our experimental work was 
carried out on billets 16 in. in dia., cast by the 
continuous casting process; the orientation of the 
grains in these billets is shown in Fig. G, which 
is a photograph of an etched longitudinal section 
of a billet specially prepared so as to exaggerate 
the grain orientation for illustration purposes. 
Fig. C represents a billet, and we have found that 
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Fig. C.—Diagram of a Billet, showing positions used for 
searching. 


when the length (L) of the billet is greater than 
about 20 in., the following results are obtained : 


(1) With the transceiver unit placed at 
positions A a bottom echo is obtained. 

(2) With the transceiver unit placed at 
position B a bottom echo is obtained. 

(3) With the transceiver unit placed at either 
position C or position D, no bottom echo is 
obtained; but with the transmitter placed at 
C and the receiver at D, a bottom echo is 
obtained. 


From these results it would appear that the 
grain orientation influences the direction of the 


path of the supersonic beam and that, in the. 


positions: and D, the beam is refracted. It 
would be interesting to know whether the authors 
have had similar experiences and what inter- 
pretation they would offer. 
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Occasionally we come across cracking in thin 
extruded sections and lamination in sheet, the 
detection of which is impossible using the present 
apparatus. It would be useful, therefore, if the 
difficulty of searching materials of thickness less 
than $in. could be overcome. The claim is made * 
that the Sperry equipment, manufactured in 
America, is capable of detecting cracks within the 
first 4 in. of a material, though the method of 
achieving this is not described and, so far, we have 
no evidence upon which to judge the extent of its 
success. In addition to this feature it is also 
stated that the Sperry equipment may be used 
for grain-size determinations. Ido not know how 
far the justification for this latter claim is valid, 
but I think that it warrants investigations, since 
an easy means of estimating grain-size would be 
extremely useful; I am thinking in particular of 
the determination of grain-size in creep-test 
specimens where a record of such details is of 
importance. 

The authors of this paper have quite rightly 
stressed the fact that the results which have so 
far been obtained from the inspection of steel must 
be regarded with a certain amount of reserve 
and that, until sufficient information has been 
gathered from a wide field of practical experience, 
it would be dangerous to lay down hard and fast 
rules with respect to the quality of steel com- 
ponents. In this connection I think that we can 
perhaps be of assistance in establishing the required 
background of knowledge, for we sometimes ex- 
perience trouble with cracking in steel rolls and, 
as a result of this, we have carried out a survey 
of rolls in stock. We have found that some of 
these rolls contain internal cracks well down below 
the surface and have plotted the position and con- 
figuration of these cracks so that after periods of 
service we can trace whether or not the cracks 
increase in size. It should be mentioned that 
most of the rolls tested have had considerable 
periods of time in service. Naturally we have not 
progressed very far with this investigation yet 
and, at this stage, we should hesitate to make an 
generalizations, but we have noticed that steel 
rolls, which give a picture on the cathode-ray tube 
similar to that given by a porous aluminium- 
alloy billet (this picture is characterized by a 
poor bottom echo), show a tendency towards 
developing surface cracking in the form of a mosaic 
pattern; furthermore, in the past, these particular 
rolis have needed regrinding after relatively 
short periods in service. If the results of our 
investigations would be of interest to members 
of the iron and steel industry, we should be 
pleased to make them available. 

There is one other matter which I should like to 
mention in conclusion. Personnel engaged on 
roll grinding are concerned not so much with the 


* F. A. Firestone, Metal Progress, 1945, vol. 48, p. 505. 
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PLATE XX XB. 


Fic. H(a). Fic. H(b). 


Fic. H(c). Fic. 'H(d). 


Fic. H.—Oscillograpbh Traces Obtained from a 3-in. Rolled Billet, showing the effect of (a) smooth surface, and (b) rough, 
scaled surface; (c) shows the echo from a small central segregation, and (d) the trace when no flaw is present. (See 


hee $) 


A. C. Rankin’s contribution.) 


s Fic. I.—Portion of a Cross-Section of the Ingot (Macro-Etched). (See 
W. C. Heselwood’s reply.) 
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detection of surface cracks as with their removal ; 
thus it would be an advantage to these people if 
some means could be devised whereby the depth 
of penetration of a surface crack into a roll could 
be estimated. It is not an uncommon experience 
to find that, after two or three weeks of work 
have been spent on grinding out surface cracks, the 
roll diameter has decreased beyond the permissible 
minimum before the cracks have been removed. 
This is a problem on which we are working at the 
moment, but so far we have achieved no success. 


Mr. D. A. Oxtver (William Jessop & Sons, 
Ltd.)-: I should like first of all to pay a tribute to 
the authors of this magnificent co-operative work, 
because I think that it gives a most valuable 
preliminary survey. The authors of the different 
sections of the paper are careful throughout 
not to claim finality, which is important, because 
we appear to be on the verge of wider develop- 
ments and at the present stage excessive claims 
should not be made. The whole venture owes a 
great deal to Dr. Desch, who sponsored the 
idea when it looked a hopeless quest, and much 
credit is due to him for his support. 

Fig. 3 worried me a little because the beam is 
drawn as a series of diverging lines, and I should 
like to explain how I understand the beam occurs. 
If we have a point source, such as a small piston 
situated in an infinite baffle and radiating into a 
uniform medium, then, provided that the source is 
small compared with the wavelength, A, at any 
frequency, the radial intensity pattern is a hemi- 
sphere or, as we are drawing it in one diametral 
plane, it is a semi-circle (Fig. J (a)). Now, we know 


(2) (6) (c) 
Fie. J.—Propagation of Supersonic Beams. 


that the supersonic beam is certainly not as 
divergent as this, and the basic explanation is as 
follows: As the wavelength is reduced inversely 
as the frequency, a finite source becomes pro- 
gressively large compared with the wavelength, 
and focusing occurs, owing to interference by 
path-length differences to different areas of the 
source from a given external point. Thus in 
Fig. J (b) we have a case where D/A = 0-75 and 
in Fig. J (c) where D/A = 4, where D = diameter 
of source. However, in the paper we learn that 
for the probes used (and assuming that the effec- 
tive source diameter is equal to the diameter 
of the crystal) we might reasonably expect much 
sharper focusing than is shown in Fig. J (c), as 
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D/X in this case = 10. When searching for 
defects in steel blocks it is the sharpness or blunt- 
ness of this intensity petal that determines the 
discrimination. 

It would also be interesting to learn from Mr. 
Sproule whether the angle @ in equation (1) in 
the paper is likely to be equal to the angle « in 
Fig. J (c). 

There is one other very important point about 
this method of testing at the moment. My 
colleague, Mr. G. T. Harris, who is a part author 
of Section 3 of the paper and who has worked 
on this subject with me from the beginning, would 
doubtless agree that the only real successes which 
we have had have been obtained on really 
simple forms of test-piece. We have had oc- 
casion to examine very meticulously some forged 
discs for gas turbines and jet engines, and we 
were particularly anxious to check the soundness 
of the centre of the forging. Two faces of a fairly 
thick disc, 4 or 5 in. thick, were carefully machined 
and explored over the whole central region with 
the probes. Many hundreds of forgings in all 
were inspected. The supersonic test proved to 


‘be an exceedingly valuable method of inspection. 


We were not looking for, nor did we find, hair-line 
cracks, because the steel was austenitic. We did, 
however, locate a measure of axial porosity, and 
the energy absorption of the very slight looseness 
in the structure was broadly capable of calibra- 
tion. We were able to build up a background 
and interpret the results and correlate them 
approximately with mechanical tests. 

Taking a view into the future, I think we 
probably want sharper and more powerful beams 
from smaller sources, and we definitely want the 
background fluctuations reduced to a minimum. 
Thus the reflections can be made more accurate 
and more certain as a method of detailed fault 
location. 


Dr. M. J. N. Poursatrx (Association des 
Industriels de Belgique A.I.B.): Professor G. A. 
Homés of Mons and M. Y. Verwilst of Brussels 
have asked me to mention that they have de- 
veloped a method for supersonic testing of 
materials, with the collaboration of the ‘“‘ Ateliers 
de Constructions électriques de Charleroi A.C.E.C.” 

The main part of this work was done in Belgium 
during the enemy occupation and had to be 
preserved from German curiosity. The conditions 
under which the work was done were therefore very 
difficult, and the results have not the scale of 
those recorded in this magnificent paper, but 
these Belgian workers did the best they could. 

The apparatus consists of two parts : 

.. (1) A transportable metal box, with a volume 
of about 2 cu. ft. and a weight of 30 lb., which 
contains a high-frequency generator, a receiver, 
and any accessories. 
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(2) Two elastic sounders which secure 
acoustic contact with the material. 


The intensity of the transmitted or reflected 
supersonic waves may be estimated with a 
milliammeter or with a loud-speaker. It is not 
necessary to immerse or to smooth the surface. 
The elastic sounders make possible the examination 
of materials with a rough surface and may be 
found useful for this purpose. 

The apparatus was used by those who devised 
it for detecting defects in different materials 
in sheet, strips, and bars. They have examined 
objects in metal, porcelain, plastics, and wood. 


Mr. W. R. Yates (Messrs. Hadfields, Ltd., 
Sheffield): I should like to reply to the questions 
raised by operators who have had experience with 
the examination of light alloys. With regard to 
the use of plastic adapters for regular curved 
surfaces, a technique has been devised using a 
warmed sheet of Perspex which is moulded to the 
contour of the surface under pressure. The coup- 
ling medium, used between the flat probe heads 
and the Perspex and between the Perspex and the 
surface of the specimen, is light machine oil. 

Mr. Stanford referred especially to the use of the 
supersonic method for the examination of light- 
alloy castings, whereas in the steel industry much 
of our work has been on rolled and forged material. 
One result of the working of the steel is that 
defects often lie in one plane, hence, examination 
is usually made from two directions at right 
angles. The principal types of defect occurring 
in this class of material are hair-line cracks and 
segregation. 

The sensitivity of the instrument is to some 
extent dependent on the surface of the material 
and, where possible, specimens are machined and 
then ground before examination. It sometimes 
occurs that preparation of the surface is not 
practicable, as, for example, with large forgings 
in the works; in this case the use of a filter 
of 24 Mc./sec. has been found to improve the 
sensitivity of the instrument. In our early 
work a filter tuned to the frequency of 14 Mc./sec., 
which was the natural frequency of the 30° wedges, 
was used. This frequency is also that of the 
transverse vibrations arising from transmission 
along the surface, hence the increased amplitude 
of the echoes was accompanied by increase of 
amplitude from the transverse vibrations. The 
use of the higher frequency filters reduces trans- 
verse disturbance whilst increasing the sensitivity 
of the instrument. 


Mr. W. C. Hersretwoop (The United Steel 
Companies, Ltd.): The most successful applica- 
tion of supersonic testing has, I think, been on 
hair-line cracks, and it is right that we should 
recognize, as Dr. Desch has pointed out, that 
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this was the first objective of the apparatus, 
and that objective has been achieved. It has 
also been found that other useful applications 
are possible. We have only met one case (re- 
ferred to in the paper) where hair-line cracks 
known to be present by sectioning and magnetic 
etching have not been revealed by the supersonic 
methods; there was a full explanation for this 
particular result, in that they were few in number 
and very small indeed, smaller, in fact, than the 
wavelengths which we were using. 

In my view the two chief limitations of the 
present equipment are : 


(1) Its relative lack of success in the examina- 
tion of cast steel, including ingots; the super- 
sonic energy seems to be dispersed by the in- 
herent “‘ looseness ”’ of the cast structure. 

(2) Its inability to detect by reflection defects 
less than about 0-5 in. from the surface. 


With regard to the portability of the equipment, 
it is right to say that it is at any rate trans- 
portable, if not easily portable. The later forms 
are very much lighter than the earlier ones. 

There is reference in the paper to the examina- 
tion of thin plate by a transmission method, where 
the thickness of the plate is too small to be 
examined by reflection. In that case one can 
look for major discontinuities by putting the 
transmitter on one side and the receiver on the 
other and using a shadow method. For the 
examination of plates up to 12 ft. wide, we have 
made up a pair of light-alloy tongs of “ sugar- 
tongs ”’ type, containing a pair of supersonic probe 
leads 10 ft. long and capable of working across a 
sheet to a distance of 64 ft. from either side. 
Water plus a little wetting agent was used as the 
intermediate film between the probes and the 
surface, a device being incorporated in the tongs 
which enabled a little of this liquid to be squirted 
on to the place where the tongs were about to 
close. The tests are still in the experimental 
stage, but the method has been found to work 
fairly satisfactorily. 


Mr. A. C. Ranxin (Messrs. Henry Hughes and 
Son, Ltd.): I should like to take part in the dis- 
cussion on this paper, which may well form the 
foundation stone of a non-destructive testing 
method equally as important as radiography. 
In particular I want to discuss the more recent 
work which we at Messrs. Henry Hughes have 
done in conjunction with the steel industry on the 
problem of surface preparation, a problem which 
has been emphasized throughout the whole of this 
excellent paper. In Section 2 Mr. Sproule 
mentioned that waves with a frequency of 
1} Mc./sec. (which, as Mr. Yates has said, seems 
to be the natural frequency of the wedge trans- 
mitter—receiver system) enables testing to be done 


STEEL BY MEANS OF SUPERSONIC WAVES.—DISCUSSION. 


through the normal black surface of the rolled 
material, and this has been very successful. It 
has been applied in practice in a steelworks in 
England where production testing of billets and 
blooms has been established for some considerable 
time. An accurate logbook of the results has been 
kept which, coupled with check destructive tests, 
shows clearly their fidelity. 

T should like to give one warning on this subject: 
Using the 14-Mc./sec. filter, there is some tendency 
for low-frequency transverse surface waves to 
creep through the amplifier and, as a result, not 
only do we find echoes coming from defects and 
the bottom boundary but, in addition, we find 
early disturbances due to these transverse waves. 
These* can be readily differentiated by an ex- 
perienced operator, but nevertheless it is a point 
which I should like to emphasize. 

Mr. Yates also mentioned some of the work 
which we have done with two 24-Mc./sec. filters 
in penetrating rough surfaces. We have seen 
from Figs. 15 (iv) and (v) of the paper that the 
amplitudes of signal are so small as to be virtually 
useless at 24+ Mc. /sec. with the normal arrangement. 
The latest technique evolved is really one which 
depends upon a purely electrical dodge, which I 
shall presently explain. The term “filter” is 
rather unfortunate because, not only does it act 
in the amplifier as a filter to prevent these trans- 
verse waves but, in addition, it acts as a resonant 
circuit in the amplifier side and, in consequence, 
we get increased gain. On rough surfaces this 
increased gain is most useful although, if not 
completely understood, it may also lead to mis- 
interpretation. Some experimental work has 
shown that by utilizing resonant circuits in con- 
junction with both transmitter and the receiver, 
the high gain is most useful. This has been the 
subject of investigation primarily by ourselves 
but, lately, also by the group of investigators 
responsible for Section 3 of the paper. 

Figs. H (a) and (b) show the comparison in the 
amplitudes obtained on a 3-in. rolled billet for 
the bottom echo using (a) a smooth surface and 
(6) a rough surface, again from the bottom of the 
same sample, and using the double-filter technique. 
It is obvious that these are comparable. 

There are again some warnings which should 
be given about this new system. It is not yet 
quite certain whether this method is going to be 
the final solution or not. So far, the work which 
we have done on rolled sections for pipe, central 
segregations, and so on, has been successful, 
but there is the possibility that the drawing out 
of the wave train, which occurs because of the 
use of these tuned circuits, is going to create 
difficulty in giving a sharply defined echo from 
flaws, and it may be necessary to increase the 
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power output of the transmitter and retain the 
normal concept of a flat amplifier, as is used 
normally on smooth surfaces. 

Fig. H (c) shows the echo from a small central 
segregation in a 3-in. billet of the same type as 
Figs. H (a) and (6), while Fig. H (d) illustrates 
the equivalent oscillograph trace when no flaw 
is present. In explanation, these last two figures 
correspond to the case when the wedges are set 
at such a distance apart that the area of maximum 
sensitivity corresponds to the central axis of the 
billet. 

I should also like to mention a few of our own 
experiences in testing. We, as makers of the 
instrument, have tried to co-operate with the 
industry and we always want to understand clearly 
what it is that is required. The question of cast 
material has been raised; in our experiences with 
the testing of cast materials, what strikes us is 
that it is not so much a limitation of the principle 
of supersonic testing, as a limitation of the metal- 
lurgical practice. “In any cast material, we very 
rarely find complete homogeneity and, there- 
fore, we have to learn how to ignore things which 
can be tolerated and how to find others which 
cannot be tolerated. Often it is like looking for a 
tree in the middle of a wood and, as such, it brings 
out the fact that we cannot violate physical 
principles in order to achieve our results. The 
work on castings, of course, is still going on. 

I should also like to make a few points on the 
system of the Sperry Reflectoscope which Dr. 
Desch has mentioned in Section 1 of the paper. 
There have been some recent publications on this, 
including one,* published in [ron Age, from which 
it is clear that the Americans have had precisely 
the same difficulties as we have had. They do not 
seem to have got over the difficulty of requiring 
a smooth surface, and the amount of smoothness 
necessary is very much more than is practical 
in most cases where the cheaper types of steel 
are concerned. Moreover, in this American 
paper, which is fairly recent, it is stated that 
testing could not be carried out under a thickness 
of 1 in. with the equipment in question but 
that it was possible using specialized techniques. 
In another paper,t there is also reference to 
this, and it is stated to be due to the fact that 
the transmitted pulse has barely left the trans- 
mitter before it is received; in other words, the 
two mix and an interference pattern is obtained. 
With regard to the single transceiver, which 
has been suggested and which is used in the 
Sperry equipment, the paper published in Iron Age 
states that in the case of the sheared ends of the 
billets no bottom echo can be obtained and, also, 
that the echo is very much dependent on flaw 
orientation. In this respect, while no doubt a 


* Russell and Pellet, Iron Age, 1946, vol. 157, No. 5, p. 38. 
+ de Lano, jun., Electronics, 1946, January, p. 132. 
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single transceiver would be very useful for rapid 
testing, the double transmitter and receiver system 
has many points in its favour and does not com- 
pare unfavourably with the single transceiver in 
most respects. 

The question of grain-size measurements has 
also been raised and is worth some considerations 
Some work has been reported by Firestone in 
America. The frequency used was 5 Mc./sec. and 
while, in the case of the experiments described by 
Firestone, a block of brass was cut in strips and 
heat-treated to give relatively large differences in 
grain-size, the point that should be remembered 
is this: In order to get interference by grain 
boundaries, normally it is necessary to utilize 
a relatively high frequency, and in so doing the 
wavelength is shortened so much that one also 
gets absorption by the general inherent inclusion 
fields; and, therefore, when successive echoes are 
being measured—in other words, the attenuation 
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of the waves—two factors have to be separated : 
Firstly, the effect of grain-size and, secondly, 
that of inclusion distribution and size. In this 
respect, I should like to point out that in cases 
where there is not a large variation in grain-size, 
but there is considerable variation in cleanliness, 
it would be very difficult to obtain any accuracy 
with the method. The idea, nevertheless, is 
worthy of further investigation, not only as a 
measure of grain-size, but also possibly as a measure 
of cleanliness. 

Finally, it may be of interest to record that the 
method has also been used successfully to detect 
longitudinal and transverse cracks in compressed 
carbon. 

In conclusion, I should like to associate with my 
remarks my colleague, Mr. H. M. Jefferys, who 
throughout the complete history of flaw detection 
has done much to further the practical testing 
techniques with which this discussion is concerned. 


CORRESPONDENCE. 


Mr. A. G. Warren (Armament Research 
Department, Woolwich) wrote: The application 
of supersonics to non-destructive testing is one 
of those obvious lines of work which often demand 
_extensive research before a practical technique 
is achieved. It is seen from the present paper that, 
in this country, considerable progress has been 
attained in the development of the reflection 
method. It appears that in Germany effort has 
been mainly applied to transmission methods. 
It is perhaps not an unmixed evil that workers 
in the two countries have been unaware of each 
other’s failures. On p. 320 P of the present paper 
it is indicated that early experiments with the 
transmission method were unsuccessful in this 
country in detecting hair-line cracks and so 
effort was applied to the reflection method. 
It appears that in the early German experiments 
more promising results were obtained from trans- 
mission methods. Pohlman claims that his 
method is very sensitive in detecting hair-line 
cracks and he substantiates his claims with 
photographs which are convincing. There is no 
doubt that his detector is very attractive and, in 
suitable cases, gives indications which are relatively 
easy to interpret. 

Of course, as is remarked on p. 320 P of the paper, 
the power required by the reflection method is 
much less than that consumed in Pohlman’s 
apparatus. But, as at the present time only a 
small fraction of the energy available in the 
reflection apparatus is utilized, it is hardly fair, 
without further examination, to claim power 
economy as an advantage of the reflection method. 


If Messrs. Hughes were to transmit an appreciable 
fraction of the sonic energy available into the 
material under examination they might, with their 
present detector, be embarrassed by the intensity 
of the reflected signals. Referring to Fig. 2 (a), 
the quartz is free to transmit along two parallel 
paths, one into the steel, the other into air. 
The acoustic impedance of steel is nearly 100,000 
times that of air and at the natural frequency of 
the crystal only a small fraction of the energy 
available is transmitted into the steel. If more 
energy is required wave technique can be used, 
and transmission in any but the desired direction 
practically inhibited. It is as well to forget, 
temporarily at any rate, that the quartz has a 
natural frequency. The reduction of total imped- 
ance brought about by operating at the resonant - 
frequency of what should be but a small fraction 
of the complete oscillating system is negligible. 
On the Continent much use has been made of 
ultrasonic lenses and much attention has been 
given to their development. In this connection 
a paper by Ernst (see reference 8 to Section 1 of 
the paper) contains some useful information. 
I do not accept his deductions from various 
mathematical expressions without reserve. ‘Too 
frequently Rayleigh’s equations are misinterpreted; 
consider, for instance, equation (8) on p. 325 P, here 
called Wood’s equation, and referred to by Ernst 
as ‘‘ Boyle and Rawlinson’s fundamental formula.” 
(Rayleigh made no claim to originality when he 
gave the equation not less than 50 years ago.) 
It is a well-known equation in wave transmission 
past a junction when losses are neglected. If the 


* 


STEEL BY MEANS OF SUPERSONIC WAVES.—CORRESPONDENCE. 


equation be applied in the way it is here applied 
to electric waves along wires, one arrives at the 
conclusion that the transmission of electric 
power over any but the shortest distances is a 
practical impossibility. The assumption that 
has been made is of course that the reflected energy 
does not react upon the source. The equation 
may therefore be applied with some approximation 
to accuracy to a hair-line crack in a metal at a 
depth several times the beam width. But it must 
not be applied to the transference of energy 
from a transmitter to a mass of metal through 
a thin film of oil. If the thickness of the oil film 
is very small compared with the beam width, 
then, on the basic assumptions made in deriving 
equation (8), the transmitted beam must be 
equal to the incident beam and the effective 
reflection zero. 

The fact that the efficiency of transmission is 
not 100% must not be expected to be explained 
by the inapplicable equation (8). If it has not 
already been done it should not be difficult 
to work out the applicable equation. Relevant 
factors are the relative acoustic impedances, 
diffraction, and dissipation. 

Other things being equal, a coupling liquid of 
high acoustic impedance is likely to be more 
efficient than one of low acoustic impedance. But 
it is possible that a liquid may be found which has 
a particularly low dissipation and which may be 
more efficient than one having a higher acoustic 
impedance. 

To some extent I think the particular fields of 
application of the reflection and transmission 
methods will be found to be complementary. 
The inevitable competition of the two methods 
is likely to be mutually beneficial. 


Dr. H. O’Nemu (London, Midland and Scottish 
Railway Company, Derby) wrote: British rail- 
way research workers are indebted to Dr. Desch 
and Mr. Sproule for describing a piece of apparatus 
which is successful in detecting flaws in steel. 
Its application extends beyond the search for 
hair-line cracks. In 1937 the L.M.S. Research 
Department was set the task of detecting trans- 
verse fatigue fissures which might be present in 
railway-carriage axles at a wheel-seat position 
within the hub of press-fitted wheels. Such 
flaws might develop through alternating and com- 
bined stresses at the fretted portions of the ends 
of the wheel seats. The detection of these cracks 
without pressing-off the wheels is very difficult, 
yet their presence might eventually lead to an 
axle fracture which would have serious conse- 
quences. Team-work was instituted,* and in 
a report in 1938 the writer showed that whilst 
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electrical conductivity methods yielded results, 
the employment of supersonic waves. should 
also be considered. At that time the methods 
of Sokoloff were the only ones which had been 
heard of, and they did not offer any promise 
of easy application. A mechanical deflection 
test + was finally adopted with success, but the 
advent of the apparatus described by Mr. Sproule 
opened up new possibilities. The L.M.S. Engineer- 
ing Research Section have adapted this equip- 
ment to the testing of wheel and axle assemblies, 
and the procedure is now being introduced as a 
routine method of works inspection.{ The two 
probes were applied to the machined end-faces 
of the axle journals and an echo was received 
from the opposite end. If one or more wheel- 
seat transverse fatigue flaws were present in the 
axle, however, they provided a separate indication 
on the cathode-ray oscillograph. The wheels 
were then pressed off and a further examination 
was made. 

Hair-line cracks in railway tyres might cause 
trouble if undetected. Damping-capacity methods 
have been considered for non-destructive testing, 
but finally without enthusiasm. ‘‘ Super wheel- 
tapping’ by -supersonic waves is now looked 
upon as a more suitable method of examination, 
and tests have been made on a tyre from a cast 
which provided examples of hair-line cracks. 
Application of the probes along the machined 
flange face of this tyre produced indications 
of some small internal cracks, and these were later 
observed when the tyre was sectioned and 
etched. 

As regards the testing of welds, the supersonic 
method has been tried on a few electric flash 
butt-welded joints of railway rails. The speci- 
mens were about 5 ft. long and the probes were 
applied to one end. In one case discontinuities 
were detected and X-ray examination subse- 
quently revealed a weld cavity inthe web. When 
wedge-shaped probes are received it is intended to 


_ test the joints from the rail surfaces in the vicinity 


of the welds. Experience is needed in the applica- 
tion of this new method to the inspection of 
engineering structures, but its great utility is 
undoubted. 


Mr. A. J. K. Honeyman (Messrs. Colvilles, 
Ltd., Glasgow) wrote: The authors are to be 
congratulated on their paper, and not least on 
their emphasis of the difficulties and limitations 
attendant on the supersonic-wave methods of 
detecting defects. While this method may be 
already established for certain applications, a 
great deal of work remains to be done before it can 
be employed as a routine testing procedure when 


* H. O'Neill, Hngineering, 1942, vol. 154, p. 174. 


+ F.C. Johansen, Engineering, 1942, vol. 154, 


p. 101. 


t D. W. Spencer, Journal of the Institution of Locomotive Engineers, 1945, vol. 35, p. 383. 
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cost is an important item. Apart from the 
problems of surface transmission, its usefulness 
is severely limited by its intensely local action. 
Dr. Desch mentioned the wheel-tapper. With 
his apparatus one tap is sufficient to test the whole 
wheel, whereas the supersonic method applied 
to the job would be somewhat tedious. Thus the 
detection of defects, such as lamination in plates 
and cracks in bars and billets, which may be present 
anywhere throughout the product of an ingot, 
becomes a very lengthy and therefore expensive 
job. On the other hand we have found it very 
useful in the detection of hair-line cracks in armour 
plate where a sample is representative of the 
quality of the whole. It may likewise be useful 
in the detection of defects such as fish-tail or 
piping which are confined to a particular portion 
of the bar. The chief difficulty in testing for 
pipe and segregation is one of interpretation. 
As the probe travels along a piped or segregated 
area the reflection may gradually fade but, owing to 
minor inclusions of no practical importance, 
it may not completely disappear. Quantitative 
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Dr. Desc replied: Several of the questions 
raised by speakers in the discussion have been 
answered by subsequent speakers. It is gratify- 
ing to find that a method devised for a specific 
purpose, the detection of hair-line cracks, is 
proving to have other applications in both the 
ferrous and non-ferrous industries. Methods de- 
pending on reflection and on absorption have 
each their own sphere of usefulness. It is evident 
that by a suitable choice of frequencies, using 
filters, the range of usefulness can be extended, 
Means of making acoustic contact with surfaces 
which have not been ground or polished are 
capable of further development, and in this 
connection the diaphragms devised by Professor 
Homes are likely to prove very valuable. The 
American devices do not seem to be on the whole 
as generally adaptable as those worked out so 
ingeniously by Messrs. Hughes and Son, Ltd., and 
it is gratifying that in this important field Great 
Britain has been able to take the lead. 


Mr. SPROULE wrote in reply: A quantitative 
investigation of the molecular absorption and the 
scattering due to crystalline structure, segrega- 
tion, or other scattering centres of the sort men- 
tioned by Mr. Rotherham, could be carried out 
using the flaw detector in its present form if used 
in conjunction with a suitable pulse signal in- 
jector. However, the measurements of ran- 
domized scattering will be very tedious, and it 
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interpretation is rendered more difficult by the 
fact that uniform efficiency of surface contact 
is not easy to achieve. 

Mr. Heselwood has shown how transmission 
may be applied to plates too thin to permit of 
reflected waves being picked up, and we have 
applied this method with the same success. It 
is, however, not easy to see how this could be 
conveniently applied to large plates, and in any 
case the cost would be excessive. 

With regard to weld defects it is interesting to 
note that changes in structure or even the juxta- 
position of ferritic steel and austenitic weld metal 
does not appreciably affect the interpretation 
of results. Supersonic methods have been applied 
successfully to testing the efficiency of union 
between stainless and mild steel in “ cladding ” 
processes. 

With regard to the work described by my col- 
league Mr. Glen, it should be noted that these 
experiments have been carried out on test-samples 
only. Their application to welded structures is a 
problem which has not yet been attacked. 


REPLIES. 


may be that a comprehensive investigation of 
this sort will have to await the development of 
new measuring techniques. We have noted very 
big differences in the absorption and the scattering 
which occur in different samples, but it would 
be dangerous to attempt to use such comparisons 
in assessing the value of different materials as 
the flaw detector amplifier in its present form 
does not give a proportional response over a 
sufficiently large range. Moreover, measure- 
ments of absorption at a frequency of several 
megacycles per second may not mean very much 
in connection with a structure that may vibrate 
in use at a frequency of a few kilocycles per 
second or less. 

With reference to Professor Bastien’s question 
about the applicability of the supersonic method 
in the case of large components where X-rays 
cannot be applied or can be applied only with 
difficulty, there are a number of important cases 
on record where large components have been 
tested by the supersonic method and the results 
have generally been confirmed very satisfactorily 
by destructive tests. We agree with the note of 
caution that has been expressed by a number of 
contributors, and we have seen a number of cases 
where the flaw detector has shown itself capable 
of detecting flaws so small that they could have 
no serious effect on the strength of the sample 
being tested. In connection with this limitation 
due to excessive sensitivity on the part of the 
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flaw detector, we have had a number of cases 
where a failure would have serious consequences, 
and we are glad to say the customer and maker 
have agreed that they would rather reject on the 
basis of any detectable flaw than take the risk 
of failure in use. 

Mr. Brommelle asks how porosity can be 
assessed by the supersonic method, and in par- 
ticular whether this would be tested by its effect 
on attenuation or by the use of a very high- 
frequency capable of detecting individual pin- 
holes in a given region. It is not possible to give 
a complete and satisfactory reply to this ques- 
tion. The point which is clearest from past 
experience is that individual pin-holes as small as 
a millimetre in diameter can be detected by the 
flaw detector using the 24-Mc./sec. pulse. The 
other point which is clear beyond all shadow of 
doubt is that a general scattering of energy from 
a region of high porosity can easily be detected 
in many cases, especially when using a long wave 
train and the higher frequencies. At the same 
time it has been found possible in many cases to 
lower the frequency and reduce the length of the 
wave train so that it is possible to detect gross 
flaws in the presence of unavoidable porosity 
which it is desired to ignore. 

It is doubtful that attenuation by itself will 
give a useful and significant measure of porosity 
unless other characteristics such as heat-treat- 
ment, crystalline structure, &c., are very carefully 
controlled. 

With regard to Mr. Stanford’s observation that 
all echoes are not at the same frequency, and in 
particular that the echo from the flaw has a higher 
frequency than the echo from the bottom, I think 
that this can be explained almost entirely by the 
fact that the trace in question was obtained by 
adjusting the probes so that the flaw lay on the 
axis of both the transmitter and receiver systems, 
thus giving the maximum intensity of flaw echo. 
Now, both the transmitter and the receiver have 
a sharper directional characteristic for the higher 
frequencies. In addition a small flaw will reflect 
the higher frequencies more efficiently than it will 
the lower frequencies. The bottom echo under 
the conditions assumed above will be from the 
side lobes of the transmitter and will be picked 
up by the receiver at an angle such that the re- 
ceiver has appreciable sensitivity only for the 
lower frequencies, which therefore predominate. 

With regard to the question of reflection from 
a large number of minute particles, it is essential 
to realize that if the particles are small in com- 
parison with a wavelength and if the separation 
between the particles is small as compared with 
the wavelength, then there will be a reflection 
from the boundary of the region in which these 
particles occur, according to the usual laws of 
reflection, depending on the average elasticity and 
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the average density. In other words, a cloud of 
particles close together will behave toward the 
wave in exactly the same way as would a different 
medium with elastic properties corresponding to 
the mean properties of the cloud. On the basis 
of this analysis it would appear that in the case 
of eutectic segregation which does not contain 
cracks, the average density and elasticity do not 
differ sufficiently from the bulk of the metal to 
give a reflection, whereas in the case of the MnAl, 
type of segregate the cracks, rather than the 
segregate, affect the average elasticity and density 
sufficiently to give a reflection. 

The example of refraction which Mr. Stanford 
described is very interesting and is probably due 
to the known fact that the elasticity is a function 
of crystalline orientation. At any rate, Fig. G 
shows that the orientation alters considerably, 
radially across the billet. The simplest sub- 
stantiation of the explanation would be the careful 
comparison of the velocity in a direction parallel 
to the axis through regions at varying distances 
from the axis. Having made these measurements 
it would be quite easy to calculate the amount of 
refraction to be expected due to a temperature 
gradient and the consequent velocity gradient in 
the atmosphere, as is done in the case of the well- 
known mirage. 

Mr. Oliver’s assumption that the angle @ in 
equation (1) is the same as a in his Fig. J(c) is 
correct. 

Mr. Yates’ remarks on the improvement se- 
cured by using a 24-Mc./sec. filter should: be 
expanded in order to include various cases of 
practical importance. There is no simple rule 
by which we can specify the best frequency for 
any given case, but, in general, one should use the 
highest frequency possible. The principal con- 
siderations which call for a reduction in frequency 
are : 


(a) Segregation porosity or other randomly 
distributed small scattering centres which 
provide reflections capable of obscuring the 
echo from a larger singularity. In such a 
case the use of a lower frequency can produce 
a marked diminution in the scattered energy 
from the small scattering centres and reveal 
otherwise undetectable echoes from larger and 
more important flaws. 

(6) High attenuation due to molecular ab- 
sorption or other causes. In general, atten- 
uation is lower for the lower frequencies and in 
a number of cases of practical importance it 
has been found desirable to decrease the 
frequency to 8 Mc./sec., thereby securing a 
range of several inches or several feet in 
materials which would give no detectable echo 
at the higher frequencies. 

(c) A badly pitted surface (e.g., as cast) or 


' pregnated with oil. 
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one with an adherent scale. Here again, the 
attenuation is less for the lower frequencies. 


For these reasons it is sometimes desirable to 
use lower frequencies in spite of the objectionable 
surface wave which is then in evidence. It is 
important to realize that this surface wave can 
be identified by slowly changing the transmitter— 
receiver separation, which will cause the dis- 
turbance due to surface wave to run across the 
cathode-ray trace at a speed that is high in com- 
parison with the small movement of a true echo. 
A little practice will soon enable an observant 
operator to detect small flaw echoes even in 
the presence of relatively large surface wave 
disturbances. 

Mr. Heselwood mentions the relative lack of 
success in the examination of cast steel, including 
ingots. At the time the results were presented we 
were beginning to find that the lower frequency, 
and in particular that of 2 Mc./sec., was rather 
better in its penetration of the inherent looseness 
of cast structures and this has since been con- 
firmed on many occasions. We have also carried 
out some work on the use of high powers in the 
transmitter, and this has also increased the possi- 
bility of success in the case of castings. With 
regard to the second main limitation referred to 
by Mr. Heselwood, we are now engaged on 
research to reduce the permissible distance at 
which defects can be detected and hope to obtain 
an improvement of five or ten times in this 
respect, enabling us to work at distances between 
0-1 and 0-05 in. 


Mr. Dawson wrote in reply: Replying to Pro- 
fessor P. G. Bastien, regarding the elimination of 
transverse waves, improvements effected by the 
introduction of filters in the transmitter and 
amplifier circuits do lead to the elimination of 
transverse waves. 

The use of plasticine for the examination of 
rough or curved surfaces was raised by Mr. Brom- 
melle. The experience of the authors has been 
that plasticine is of great value for use on machined 
bars of 6 in. in dia. and upwards and also on bars 
of 34 in. in dia. in the forged condition. When the 
machining of a round bar has left a coarse surface, 
plasticine helps to fill in the corrugations and 
eliminates ripples from the trace. The authors 
have found that plasticine should be used im- 
It is usually made to adhere 
to the probe heads, but where the surface is 
rough it may be rubbed into the surface. 

A combination ofa supersonic with a radio- 
logical examination in the manner indicated by 
Professor Bastien is at times applied, since the 
two methods are in a sense complementary. In 
the case of hair-line cracks the supersonic method is 
of positive value, whereas the radiological method 
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would be subject to limitations, since anything of 
the nature of a small crack may not be detected. 
The X-ray method has been successfully used to 
define further the nature of doubtful regions 
revealed by supersonic examination. Dr. O’Neill 
referred in his written contribution to a case of 
the complementary use of the two methods 
applied to the examination of welded joints in 
rails. should deprecate in the present stage of 
development of the method its use as an arbiter 
of acceptance or rejection and therefore an instru- 
ment of inspection. Both methods have their 
specific uses in defining the character of the interior 
of a mass of metal, but the question of inter- 
pretation in the sense implied involves the 
consideration of a much wider field of experience, 
particularly in regard to the bearing a defect may 
have on the subsequent performance of the article. 
When the nature of the defects has been defined 
in a much more precise manner, our knowledge 
of which is rapidly growing with the aid of these 
new instruments of non-destructive testing, there 
still remains the question of the correlation of 
the results with field experience to define how far 
any particular type of so-called defect is in effect 
of practical importance in service. This point has 
been repeatedly stressed throughout the discussion. 

Mr. Warren has raised certain interesting ques- 
tions relating to the choice of the coupling liquid. 
It is significant that liquids as widely different as 
oil, water, and amalgams have been successfully 
used. Oil has obvious advantages for general use. 

In conclusion I should like to thank all the 
contributors to the section of the paper for which 
I was responsible for what has been an admirable 
piece of team-work, and Dr. R. J. Sarjant, O.B.E., 
and the staff of the Research Department of my 
Company for their assistance in matters relating 
to my contribution at a time when I was unable 
to attend to them myself. 


Mr. HEsELWoop replied: The experience of 
testing continuously cast light-alloy billets, as 
described in Figs. C and G, and the related text of 
Mr. Stanford’s useful contribution to the discus- 
sion, is particularly interesting. In view of the 
nature of the grain orientation it seemed important 
to know whether the same effects are obtained 
from either end of a billet, and a private com- 
munication from Mr. Stanford confirms that they 
are independent of direction. 

The full explanation of this phenomenon is not 
clear, but it is known that grain orientation can 
affect the path of a supersonic beam, as was 
demonstrated in the following early and more 
simple experience with a steel ingot : 

An ingot, approximately 23 in. x 43 in. square, 
and tapered in section, was examined along one 
face, using wedges in line and parallel to the length 
of the ingot, but at no place could a definite 
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bottom echo be obtained. It was found, how- 
ever, that if the supersonic beam was made to 
enter normally at a position to one side of the 
longitudinal centre-line of the face, it could be 
detected emerging from the same face on the other 
side of the centre-line and the time corresponded 
to a single thickness of the ingot. When the 
ingot was cross-sectioned it was found that the 
columnar crystals reached to the centre (see Fig. 
I, which shows a portion of the cross-section), 
from which it was concluded that the supersonic 
beam had suffered successive reflection from the 
diagonal planes in which these crystals meet. 
(See Fig. K.) 
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Note on Oxide Systems Pertaining 
to Steel-Making Furnace Slags. 
FeO-MnO, FeO-MgO0, CaO-MnO, 
MgO-MnO. 


ByoAy Ha JAY Pa.D M:Ses) F-Inst.P.,canp 
K. W. ANDREWS, D.Pat., B.Sc. (CENTRAL 
RESEARCH DEPARTMENT, THE UNITED STEEL 
ComPANIES, LtTp., STOCKSBRIDGE, NEAR 
SHEFFIELD). 


(Journal of The Iron and Steel Institute, 1945, 
No. IT., pp. 15 p-18 P.) 


SYNOPSIS. 


An X-ray survey has been made of the binary systems 
FeO-—Mn0O, FeO—MgO, CaO-Mn0O, and MgO-Mn0O. All 
systems show complete solubility at a temperature of 
1150° GC. The variation of lattice spacings with com- 
position in each system is recorded. 


Mr. T. E. Roonny (National Physical Labora- 
tory, Teddington) wrote: The writer is very 
interested in the work on the binary systems, 
particularly the FeO-MnO system. This system 
is of great importance in the study of inclusions in 
steel, and the presentation of accurate data on 
the variation of lattice spacing with composition 
should prove very useful in this field of research. 
The indication that in the FeO-MnO system there 
is 100% solubility at temperatures between 1350° 
and 1150° C. is a very important fact. The authors 
are to be congratulated on a very useful piece of 
work. 

1946—i 


Dr. J. Wutre (Sheffield University) and Mr. 

. F. Forp (British Refractories Research 
Association) wrote : For some time past evidence 
that there is complete solid solubility between 
FeO and MnO has been accumulating. Whiteley, 
for instance, to whose paper the authors give a 
reference, failed to find any evidence of a two- 
phase region in artificially produced FeO—-MnO 
inclusions in steel. The investigation of this 
system, as carried out by Hay, Howat, and White, 
involved melting the experimental mixtures in 
molybdenum crucibles, and it now seems likely 
that a change in the metal-oxygen ratio took 
place owing to reaction with the molybdenum, 
just as it does when melting is carried out in 
platinum. By restricting the heat-treatment of 
their samples to temperatures below those of 
melting, which enabled them to use iron to support 
their mixtures, the authors have avoided the 
possibility of such complications, and their work 
can be taken as definitely establishing that there 
is complete solubility, at least at the temperature 
of their heat-treatments. We have ourselves had 
confirmation of this since the publication of their 
results, in that a 35/65 (wt.-°% ratio) mixture of 
FeO and MnO, prepared by heating ferrous 
oxalate of known iron content with MnO in vacuo, 
was found after 2 hr. at 1300° C. to contain only 
one cubic phase, of lattice spacing 4-388 kX. units, 
this value being in close agreement with that 
derived by interpolation from the authors’ 
results. 

The existence of complete solid solubility at 
high temperatures in this and other binary systems 
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studied by the authors indicates some interesting 
possibilities regarding solid solubilities in the 
systems of higher order formed by these oxides. 
For example, the addition of MnO to CaO-MgO 
mixtures should progressively diminish, and 
ultimately eliminate, the insolubility between 
CaO and MgO. Ina series of experiments carried 
out after the first intimation of the authors’ 
results (see discussion on a paper by Rait and 
Goldschmidt *), various additions of CaO and 
MgO, in a constant 50/50 weight ratio, were made 
to MnO, the maximum addition being such as to 
give 40% (CaO + MgO) in the ternary mixture. 
Up to this concentration only one homogeneous 
cubic phase could be detected by X-rays, so that 
it is clear that a considerable range of ternary 
solid solution must exist at high temperatures. 

We have also confirmed the authors’ finding 
that there is complete solid solubility between 
CaO and MnO after firing to 1200° C. for 2 hr. 
In our case the mixtures were fired as pellets on 
Armco iron in hydrogen and were slowly cooled 
in the furnace. Our lattice spacings after this 
treatment also agreed with those of the authors. 

It is as well to emphasize, however, that the 
above results, like those of the authors, have been 
obtained after heating to the region of 1200° C. 
There is evidence that at lower temperatures 
solubility in some of the binary series may be 
considerably restricted. Thus Passerini,t who 
used much lower firing temperatures, found the 
solubility of MnO in MgO to be only about 26 
mol.-%, and of MgO in MnO to be about 31 
mol.-%. He also found only partial solubility 
between CaO and MnO.{ Further, Frondel § 
found distinct evidence of exsolution of MnO from 
MgO in periclase from Langban, Sweden. 

At the same time we have had indications of 
what may be an inherent instability of another 
type in solid solutions of the CaO—Mn0O series. 
Thus when pellets of these solid solutions are 
subjected to mechanical pressure, or to rubbing 
during grinding, a reddish-brown colour develops ; 
for this reason considerable care was necessary 
in preparing powders for X-ray examination. 
Microscopic examination of the mixtures contain- 
ing 20 and 40 wt.-% of CaO showed that the 
relatively coarse powder obtained by careful 
breaking-down was isotropic and of a pale green 
colour, whereas, in the case of the finely ground 
material obtained by vigorous rubbing, many of 
the grains had developed brown centres, some also 
having opaque particles dispersed in them. The 
edges of the grains tended to be birefringent and 
a few small individual yellow crystals of high 
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birefringence were noted. No new phase could, 
however, be detected by X-rays in the rubbed 
material. To investigate the matter further, a 
solid solution containing 47-4 wt.-% of CaO was 
prepared. This gave 331 reflections almost touch- 
ing the knife-edges with the manganese radiation 
used, and gave a lattice constant of 4-629 kX. 
units, this value being exactly that predicted from 
Vegard’s law. After hard rubbing to give the 
brown coloration, no new phase or apparent 
spacing change on the X-ray film could be 
detected, but the high order lines now showed a 
progressive increase in diffuseness and the 331 
reflections had almost disappeared. It should 
perhaps be pointed out that the degree of fineness 
produced by the rubbing was far removed from 
that at which normal line-broadening appears. 
In order to determine whether atmospheric oxi- 
dation was playing a part in the colour changes 
observed, a pellet of the green solid solution was 
rubbed by means of a steel rod in an atmosphere 
of hydrogen. It turned brown apparently as 
readily as when the rubbing was carried out in air. 

To obtain further information, a pellet of MnO 
and one of the green solid solution containing 
60 wt.-°%% of MnO were heated side by side on 
pieces of platinum foil in hydrogen for 2 hr. at 
1200° C. The underside of the latter pellet was 
bleached where it had come into contact with the 
platinum, and in both cases there were indications 
that pick-up of manganese by the platinum had 
occurred. On heating the pieces of foil side by 
side in air, that which had been in contact with 
the solid solution developed a heavy black film of 
manganese oxide, while that which had been in 
contact with MnO alone developed only a thin, 
brown, translucent film, indicating that the solid 
solution gave up manganese more readily to the 
platinum than did the pure MnO. This is the 
reverse of what would normally be expected, as, in 
addition to the effect of dilution of MnO by CaO, 
the fact of formation of a stable solid solution 
with consequent decrease in free energy would be 
expected to decrease any tendency of MnO to 
break down. 

The similar behaviour of CaO-—MnO mixtures, 
containing 10-20 wt.-% of CaO, heated to the 
melting point on pieces of molybdenum, has 
already been described by one of the writers. || 
In these earlier experiments a clear indication of 
alloying of molybdenum and manganese was 
obtained, though with 100% of MnO no notice- 
able reaction was observed. 

It would appear, therefore, that CaO—Mn0O solid 
solutions are of inherently low stability. In view 


* J. R. Rait and H. J. Goldschmidt, Journal of The Iron and Steel Institute, 1945, No. I., p. 391 Pe. 
+ L. Passerini, Gazzetta Chimica Italiana, 1930, vol. 60, p. 535. 


t L. Passerini, ibid., 1929, vol. 59, p. 139. 


§ C. Frondel, American Mineralogist, 1940, vol. 25, p. 534. 
.|| J. White, Journal of The Iron and Steel Institute, 1943, No. IL., p. 668 Pp. 
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of the behaviour of FeO in contact with CaO, one 
is naturally tempted to suggest a similar type of 
reaction between CaO and MnO, but there is as 
yet insufficient experimental evidence to establish 
this. Furthermore, the position is somewhat 
complicated by the fact that MnO alone on rubbing 
tends to develop a brown colour, at least in air. 


AUTHORS’ REPLY. 


The AutHorsS wrote in reply: The authors 
thank Mr. Rooney, Dr. White, and Mr. Ford for 
their appreciative remarks on the data given in the 
paper. Dr. White and Mr. Ford discuss the 
closing of the two-phase field between CaO and 
MgO by the addition of MnO. The authors had 
this ternary system in mind when the binary 
systems were selected for examination and are 
pleased that the writers are also considering such 
work. They welcome the comments on the 
possibility of less than 100% solubility in these 
systems at lower temperatures. The work will 
require careful experimentation. Their observa- 
tions on the effect of rubbing or grinding on 
CaO—MnO specimens in producing colour changes 
and marked diffuseness of the high-angle X-ray 
reflections are certainly intriguing. A brown 
surface film was found on some of our heat- 
treated samples and this was removed. The 
pieces used for the X-ray powder specimen did not 
show the effects described by Dr. White and Mr. 
Ford. It is possible that the differences observed 
on the ground powder are allied to the different 
initial calcination temperature—1200° C. as against 
1350° C. in our experiments. The authors thank 
Dr. White and Mr. Ford for the detailed in- 
formation given on the many points discussed. 


Mineralogical Observations on Some 
Basic Open-Hearth Slags. 


By S. O. AGRELL, B.A., Pu.D., F.G.S. (DE- 
PARTMENT OF GEOLOGY, THE UNIVERSITY, 
MANCHESTER). 


(Journal of The Iron and Steel Institute, 1945, 
No. II., pp. 19 P-55 P). 


SYNOPSIS. 


The principal phases that may occur in basic open- 
hearth tapping slags are lime, magnesio-wiistite, nagel- 
schmidtite, di- or tri-calcium silicate, and apatite, with 
smaller amounts of monticellite, merwinite, and calcium 
ferrites. In the melting-down stage monticellite or, more 
rarely, merwinite and wiistite-magnetite solid solutions 
predominate in those slags in which no fluorspar has been 
used ; in addition a phase is also recorded the properties 
of which most closely resemble those of steadite. The 
chemical composition, optical properties, and mutual rela- 
tions of the above phases occurring in a number of slags 
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are given, and the variations of phase assemblages from 
two casts are described in detail. 

The variation of phase assemblages of these and other 
slags is summarized by plotting the different assemblages on 
the ternary diagram CaO-P,0;-Si0,, and it is shown that 
they fall into definite fields on this dvagram. With further 
study of the phase assemblages of slags the chemical com- 
positions of which are known, this diagram could be 
amplified so that the phase assemblages of basic slags could 
be predicted from their chemical compositions. 


Dr. J. Wurre (Sheffield University) wrote : 
Dr. Agrell’s paper, besides giving a wealth of 
invaluable detail regarding relationships between 
the crystalline phases in specific slags, is an 
important contribution towards the elucidation of 
the general problem of the phase relations in the 
complete slag system, a statement of which, in 
terms of phase groupings or assemblages, has been 
attempted by the writer * and, in amended form, 
by Rait and Goldschmidt.t Such a statement 
is, of course, necessarily a simplified one in that 
the effects of solid solution, allotropic transforma- 
tions, &c., are not fully indicated. Allowing for 
this limitation, the author’s data are in the 
main substantially in agreement with the phase 
assemblages of Rait and Goldschmidt, except on 
one or two points of detail with respect to which 
it now seems likely that the phase assemblages 
will require to be amended. Our conception of the 
inter-relationships between the silicate and silico- 
phosphate phases has, for instance, been consider- 
ably modified as a result of recent papers. In 
particular, Bredig’s work, to which the author 
refers, indicates that nagelschmidtite is a member 
of a solid-solution series continuous with a high- 
temperature, hexagonal form of dicalcium silicate. 
On cooling, this solid solution tends to break down 
into silico-carnotite and orthorhombic dicalcium 
silicate which is still capable of retaining appre- 
ciable phosphate in solid solution. At still lower 
temperatures the latter transforms in turn to the 
6-form. 

On the whole, Dr. Agrell’s observations tend to 
confirm these conclusions if they do not finally 
establish them, as he finds evidence of trans- 
formation in the nagelschmidtite of his slags and 
a significant replacement of nagelschmidtite by 
dicalcium silicate marginally. Some modification 
of the phase assemblages which indicate a 
composition range of coexistence of dicalcium 
silicate with nagelschmidtite of definite com- 


_ position, will probably be necessary in this respect. 


Only short of complete equilibrium will dicalcium 
silicate and nagelschmidtite coexist. This can 
occur, owing either to a partial breakdown of 
nagelschmidtite in the solid state, or to an inter- 
ruption in the crystallization of nagelschmidtite 
owing to the temperature dropping during freezing 


* J. White, Journal of The Iron and Steel Institute, 1943, No. II., p. 579 Pp. 
t J.B. Rait and H. J. Goldschmidt, Journal of The Iron and Steel Institute, 1945, No. I., p. 391 P. 
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from the range of stability of nagelschmidtite into 
that of dicalcium silicate. The observed juxta- 
position of these two phases, which the author 
attributes to peritectic reaction in the system 
2Ca0.Si0,—-3CaO.P,0,, can quite well be explained 
in terms of the latter sequence of events, namely, 
that the primary crystallization of nagelschmidtite 
was still proceeding when the temperature 
dropped below that at which nagelschmidtite 
is a stable phase. Crystallization of dicalcium 
silicate would then intervene giving the struc- 
tures observed. This is equivalent to postulating 
a surface of primary crystallization from the 
liquid state of dicalcium silicate in the com- 
plete slag system, which is quite possible even 
though no direct crystallization of this phase from 
the liquid state can occur in the binary system 
2CaO.Si0,-3CaO.P,0;. One other point may be 
commented on in this connection. As no associa- 
tion of silico-carnotite with the dicalcium silicate 
was observed in these slags it would appear that 
the solubility of phosphate in orthorhombic di- 
calcium silicate must be greater than is indicated 
in Bredig’s qualitative diagram. The presence of 
fluorspar may, however, have accounted for this 
apparent anomaly. 

In the presence of fluorspar, the relationships 
are, of course, appreciably different, in that 
fluorapatite is formed at the expense of the 
silico-phosphate, and the silicate occurs as a 
separate phase. The author’s observations on this 
point are in general agreement with the writer’s 
Fig. 22(C) (loc. cit., p. 659 P), with Rait and Gold- 
schmidt’s Fig. 22, and with the phase assem- 
blages, though the assemblages apply strictly to 
slags to which sufficient fluorspar has been added 
to decompose completely the silico-phosphate. 
One point remains to be settled, however, namely, 
that with small additions of fluorspar short of the 
amount required to give complete conversion of 
the phosphate to apatite and dicalcium silicate, 
one would not expect to find dicalcium silicate 
present but, rather, a nagelschmidtite solid solution 
of higher ratio of silica to phosphoric oxide than 
in the apatite-free slag. It is possible that the 
dicalcium silicate in such slags arises during a 
freezing sequence of the type described above. 

Dr. Agrell’s observations regarding the changes 
occurring in the nature of the silicates with 
decreasing CaO to SiO, ratio are in agreement with 
the phase assemblages in that dicalcium silicate 
is in turn replaced by merwinite and then by 
monticellite, both of which may have part of their 
MgO replaced by FeO and MnO. At the same 
time, the observations of several workers have 
suggested that, at a certain degree of lime 
deficiency, substitution for lime in the silico- 
phosphate also took place. Thus Schneiderhéhn, 
as mentioned by the author, found what he took 
to be substituted silico-phosphates in slags of low 
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basicity, and Rait and Goldschmidt, though they 
found nagelschmidtite in slags containing mer- 
winite, found that they got modified X-ray 
patterns for this silico-phosphate in synthetic 
mixes of it and merwinite. The author’s observa- 
tions confirm that such substitutions in nagel- 
schmidtite can occur, and they also indicate that 
replacement of silicon by phosphorus can occur 
in such ‘‘ mixed ”’ silicates as monticellite as well 
as in dicalcium silicate. Furthermore, his identi- 
fication of “steadite’’ in sample No. 2, cast 
8609, suggests that at a certain CaO deficiency 
nagelschmidtite may cease to be stable, being 
replaced by a new phosphate or silico-phosphate. 
In this particular slag the deficiency of lime is 
such that, assuming satisfaction of the P,O,; with 
CaO to form 3Ca0.P,0;, the silicates present 
would be a mixture of monticellite and forsterite, 
both with a considerable replacement of MgO by 
FeO and MnO. The latter replacement is probably 
responsible for the fact that actually only one 
silicate was observed, as such replacement will 
tend to remove the insolubility between forsterite 
and monticellite as indicated in Fig. 7(A) of the 
writer’s paper (loc. cit., p. 596P). « 

Dr. Agrell found that 3CaO.SiO, was generally 
absent from his slags, dicalcium silicate occurring 
along with free CaO. This agrees with Rait and 
Goldschmidt’s observations on open-hearth slags, 
though they found that 3CaO.SiO, occurred in 
their oxidizing electric slags. They attributed its 
absence from the open-hearth slags to the absence 
of a surface of crystallization from the liquid state 
of 3CaO.SiO, in the thermal equilibrium diagram 
of these slags (pointing out that such a surface 
did not exist in the ternary system CaO-P,0;— 
SiO,), and to the sluggishness of its formation in 
the solid slag. They therefore included it in their 
phase assemblages as the present writer had done. 
While this explanation is, of course, a possible one, 
it would appear that the absence of 3CaO.SiO, 
from certain slags may be due to a more funda- 
mental reason. Thus the slags in which it has 
been reported have generally been low in phos- 
phorus (¢.g., Rait and Goldschmidt’s electric slags 
and Mason’s open-hearth slags), while those from 
which it has been absent have been relatively high 
in phosphorus (the open-hearth slags of the author 
and of Rait and Goldschmidt). It may therefore 


be that 3CaO.SiO, is actually unstable in slags 


containing much phosphorus. Thus, although the 
reaction 


CaO + 2Ca0.Si0, = 3CaO.SiO, 


can proceed in the pure system CaO-SiO, at 
suitable temperatures, there is reason to believe 
that the free energy change associated with it is 
small (see the present’ writer’s paper, loc. cit., pp. 
649 P-650P). It seems quite likely, therefore, that 
when tricalcium phosphate forms a solid solution 
in dicalcium silicate, the resulting drop in free 
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energy may be more than sufficient to nullify the 
small free energy change associated with the 
formation of 3CaO.SiO,. If this is so, some 
modification will be required of the writer’s 
Figs. 14(B) and 22(C) and Rait and Goldschmidt’s 
Fig. 22, in that the tie from 3CaO.SiO, to nagel- 
schmidtite of composition 9CaO.P,0,.3Si0, will 
have to be replaced by a tie to some point on the 
silico-phosphate join nearer to the composition of 
dicalcium silicate, this point corresponding to the 
PO; content at which 3CaO.SiO, ceases to form 
from the orthosilicate and CaO. When sufficient 
fluorspar is present, causing breakdown of the 
silico-phosphate solid solutions with formation of 
dicalcium silicate, 3CaO.SiO, may become stable 
and, in fact, it has been reported in apatite-bearing 
slags. 

Like earlier workers who have used petrological 
methods, Dr. Agrell has failed to find spinel in 
any of his slags, although calculation on the basis 
of the phase assemblages shows that spinel should 
have occurred in some of his low-lime slags. Rait 
and Goldschmidt claim definitely to have identified 
spinel in some of their slags, and this is shown in 
the appropriate composition-range of their phase 
assemblages. Besides this, we now have sufficient 
knowledge of the simpler component systems to 
predict with some degree of certainty that spinel 
should occur in this particular range of com- 
position. One point must, however, be borne 
in mind with regard to such predictions and 
calculations from the phase assemblages, namely, 
that in making them no allowance is made for 
possible solubility of the R,O, oxides in the 
magnesio-wiistite phase; such solubility may be 
appreciable, especially when the latter is high in 
MgO or FeO. The magnesio-wiistite analyses of 
the author’s Table IX., like those of earlier workers, 
do actually show appreciable Fe,O, and AI,O, 
contents, though whether these are wholly in 
solution in the magnesio-wustite or as constituents 
of a separate phase intimately intermixed with the 
magnesio-wustite would perhaps be difficult to 
decide with certainty. 

The evidence produced by the author that solid 
lime, as distinct from undissolved xenoliths, was 
actually present in some of his slags at working 
temperature is a direct confirmation of Jay’s 
finding on this point,* as is his observation that 
this lime tends to deposit magnesio-wiistite from 
solution during cooling. The finding that solid 
phases may be present in the liquid slag in the 
furnace is an important one and must materially 
influence our approach to slag—metal equilibrium 
relationships in the basic open-hearth furnace, 
since the presence of solid lime or silico-phosphate 
automatically fixes the activity of these con- 
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stituents in the liquid slag, and this means that we 
must apply the concepts of heterogeneous equili- 
brium to the slag, as distinct from those of 
homogeneous equilibrium as has been customary 
hitherto. 


Mr. M. A. Brepia (Vanadium Corporation of 
America, New York) wrote: The author has 
presented a careful discussion of his observations 
in the light of various recently proposed equili- 
brium diagrams of the system CaO-SiO,—P,O;. 
The writer believes, as does the author, that these 
observations are not in good agreement with the 
relations between nagelschmidtite and dicalcium 
silicate described by Barrett and McCaughey, or 
by Trémel. He is happy to add the remark that 
the one discrepancy that Dr. Agrell found to 
exist with the writer’s suggestions, namely, the 
observed occurrence of a peritectic relationship 
between nagelschmidtite and «-(ortho.)2CaO.Si0, 
may be considered to have been resolved in the 
meantime by considerations which were published 
by the writer last year. 

In an interpretation of X-ray and other data, 
the writer has then concluded that a_ peritec- 
tic relationship can exist between «-Ca,SiO, 
(the phase identical with «-(hex.)2CaO.SiO,, and 
with nagelschmidtite) and «’-Ca,SiO, (or «- 
(ortho.)2CaO.SiO,), by showing that merwinite is 
most likely an «’-Ca,SiO, phase containing 
Mg,SiO, in solid solution.* It seems very likely 
that in most of the slags examined by Dr. Agrell 
the presence of Mg, Fe, Mn, &c., has, even in the 
simultaneous presence of P,O,, sufficiently altered 
the relationship between these two phases from 
that assumed by the writer to exist in ternary 
compositions CaO-Si0,-P,0, to the peritectic 
relationship assumed in the CaO—MgO-Si0, 
system. An experimental investigation of the 
quaternary system CaQ—MgO(FeO,MnO)-—SiO,— 
P,0, would help to ascertain the correctness of 
these assumptions. Until such information is 
available, the observations reported by the author 
may be considered as a confirmation of the 
occurrence of various inversions and_ peritectic 
reactions at temperatures below the liquidus, 
very much like those proposed by the writer. 


AUTHOR’S REPLY. 


Dr. AGRELL wrote in reply: I have read the 
remarks of Dr. Bredig and Dr. White with much 
interest and am glad to find them in general 
agreement with the observations put forward in 
the paper. Their suggestions will be borne in 
mind in my future work on slag mineralogy. I 


a 
* A.H. Jay, Journal of The Iron and Steel Institute, 1945, No. I., p. 505 P. 


+ M. A. Bredig, Journal of Physical Chemistry, 1945, vol. 49, p. 5 
of Mining and Metallurgical Engineers, 1944, vol. 158, p. 95. 


41, Fig. 1; Transactions of the American Institute 
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should welcome samples of analysed slags, pre- 
ferably uncrushed, to enable me to extend my 
mineralogical observations which so far have 
covered only a limited number of slags. 


The Hot-Strength Characteristics of 
Moulding Sands. 


By W. DAVIES, Pu.D., M.Sc., F.G.8., anp 
W. J. REES, D.Sc.Tecu., F.R.LC. (Unt- 
VERSITY OF SHEFFIELD). 


Paper No. 15/1945 of the Steel Castings Re- 
search Committee (submitted by the Moulding 
Materials Sub-Committee). 


(Journal of The Iron and Steel Institute, 1945, 
No. II., pp. 61 P-70 P.) 


SYNOPSIS. 


This paper summarizes the resulis so far obtained in 
the research on the hot-strength characteristics of moulding 
sands which is in progress at Sheffield University. A 
description of the apparatus employed is given. Attention 
has so far been directed towards the differences between the 
hot-strength characteristics of the various clay bonds in 
relation to their mineralogical constitution. All the bonds 
so examined show a gradual increase in strength with rise 
of temperature. After a maximum strength is reached, the 
strength decreases rapidly. This peak hot strength is 
attained at a tenvperature of 900—1000° C. for clays having 
the silica—gibbsite—silica structure, e.g., montmorillonite 
or secondary mica, and ai a temperature of more than 
1150° C. for clays having the silica—gibbsite, i.e., kaolinite, 
structure. 


Mr. D. C. Wiiurtams (East Mechanical Labor- 
atory, Cornell University, Ithaca, New York) 
wrote: The writer has done some testing of 
foundry sands for hot compressive strength data, 
and therefore found the paper of Dr. Davies and 
Dr. Rees very interesting. 

The authors use the B.C.I.R.A. test-piece which 
from the dimensions given in the text and from 
Fig. 1 must be 1-128 in. in dia. and 2-256 in. tall. 
Those dimensions are reasonably close to the 
dimensions (1-125 in. in dia. and 2-0 in. tall) of the 
hot compressive strength test-piece commonly 
used in the United States, the two types of test- 
pieces thus having comparable dimensions. 

It is a little puzzling as to how the standard 
A.F.A. rammer (2 in. in dia.) could be used to ram 
a test-piece 1-128 in. in dia. The falling weight 
of the standard A.F.A. rammer is 14 lb., whereas 
the falling weight of the rammer (not standard) 
used to compact the 1-125 x 2 in. test-piece is 
7 lb. Since the authors state that a standard 
A.F.A. rammer was used, more ramming energy 
was given the B.C.I.R.A. test-piece per ram than 
that given per ram to the test-piece used in the 
United States. This variation points out a dis- 
similarity between the two types of test-pieces. 


* « Foundry Sand Testing Handbook,” p. 109. 
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As for the technique of ramming, it is not clear 
to the writer how the test-piece was rammed. 
The authors state “ five blows were given to each 
end of the core box, the blows being alternately 
on one end and the other.”” This of course is not 
a standard A.F.A. procedure and may be an 
improvement upon our ramming method. The 
blows being given to the ends of the core box 
suggest a jolting procedure rather than ramming 
conducted directly upon the sand. 

According to A.F.A. procedure * a dried test- 
piece is one that has been dried at 105-110° C. 
The authors dried their test-piece at 200° C. (in 
United States practice this temperature is well 
into the “‘ baking ” range). Preheating to such a 
temperature above that required to eliminate the 
mechanically held moisture might have some effect 
upon the materials that would not occur when 
heated only to 110° C. Grim and Rowland + 
indicate that there is some kind of reaction taking 
place for the commonly used clay minerals between 
100° and 200° C. 

The B.C.I.R.A. and A.F.A. test-pieces have 
comparable dimensions but the type of rammer 
used to fabricate the test-pieces, the method of 
ramming them, and the drying temperature for 
the test-pieces, vary to a great degree. 

The use that has been made by the authors of 
contour graphs for the plotting of hot compressive 
strength data is excellent. The complete data 
can be accurately analysed at a glance. Wein the 
United States would do well by considering this 
method of data presentation. 

The writer has constructed Table A in which 
his results are compared with those of Dr. 
Davies and Dr. Rees. This table was constructed 
knowing that dissimilarities occurred in the two 
techniques of fabricating the test-pieces. Also, 
dissimilarities are present in the mixtures used, 
but they are probably not as important as those 
variations first mentioned. The hot compressive 
strength results are reported in pounds per square 
inch and on the basis of the original cross-sectional 
area (nominal area) of the test-piece. The writer’s 
present experiments indicate that this should be 
remembered. 

From Table A it will be seen that both sets of 
data agree well as regards (1) actual test values, 
or (2) general trends. One assumption has been 
made, namely, that Fulbond No. 1 and southern 
bentonite are relatively similar materials. 

There are at least two questions which confront 
those interested in an elevated-temperature test 
upon foundry sands : 


(1) What information does the foundryman 
desire to obtain from a hot compressive strength 
test, or some other test ? 


Chicago, 1944 : American Foundrymen’s Association. 


t R. E. Grim and R. A. Rowland : American Mineralogist, 1942, vol. 27, No. 11, pp. 746-761. 
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(2) Can a suitable simple laboratory test be 
devised which will give an answer to the 
majority of the problems 2 


Among the writer’s acquaintances in the 
foundry industry there appears to be as many 
different ideas as acquaintances, pertaining to 
what information an elevated-temperature test 
should provide. Opinions (not facts) are divided 
as to whether under a given set of conditions one 
needs to increase or decrease the hot-strength 
of a sand mixture. At the present time a simple 
observation test conducted, using any suitable 
furnace, provides a large amount of useful 
information concerning the behaviour of at least 
the surface of the test-piece. 

A great amount of work must be done before 
an answer to question (2) is evolved. It is not 
outside the realm of possibility that the strength 
of the test-piece will eventually be obtained at 
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of the sand. Large grains provide larger voids in 
the mixture; this is an advantage for feeding the 
solidifying mass, since the rate of heat dissipation 
is decreased, slowing down the freezing-off of the 
opening to the casting. 

Dr. Davies and Dr. Rees indicate that their 
paper contains just the beginning of their in- 
vestigations. The writer looks forward to their 
succeeding reports concerning this problem. 


AUTHOR’S REPLY. 


Dr. Davies wrote in reply: The B.C.I.R.A. 
core-box employed in the investigation consists of 
a brass tube 1-128 in. internal dia., the ends being 
closed by steel plugs which are a sliding fit in the 
tube and project beyond its ends. This core-box, 
containing the requisite quantity of sand, will just 
slip between the base-plate and plunger of the 
standard A.F.A. rammer; the ramming blow is 


TaBLE A.—Comparison of Hot Compressive Strength Results of Messrs. Davies and Rees with 
those of the Writer. 


Hot Compressive Strength, 1b./sq.in. 


Davies and Rees 


The Writer (6 Blows). (10 Blows) 


The Writer (6 Blows). 


4% Western Bentonite, 
95% N.J. No. 60 Sand, 


5% Fulbond No. 1, 
95% Chelford Sand, 
5% Moisture. 


4% Southern Bentonite, 
95% N.J. No. 60 Sand, 


5% Moisture. “5% Moisture. 


Davies and Rees 
Time of Heating Temperature Control (10 Blows). 
Test-Piece, min. Setting, ° F. : 
5% Western Bentonite, 
95% Chelford Sand, 

5% Moisture. 
2 1600 150 
8 1600 350 
16 1600 525 
2 2000 <50 
8 2000 175 
16 2000 200 


room temperature following a previous exposure 
to elevated temperature. 

The writer, as well as many others, has found 
that the addition of silica flour to a mixture 
increases the hot-strength. If the amount of 
clay bond in the mixture has not been altered, 
when comparing mixtures with or without silica 
flour, the same amount of glass-forming material 
is present. Since silica-flour additions to mixtures 
(glass-forming material being constant) increases 
the hot-strength, this increase must be due to 
a change in structure of the sand. 

If erosion of the mould by liquid metal is a 
problem, one logical approach is from a structural 
viewpoint. Erosion takes place during such a 
short interval of time, that conducting a “ hot- 
strength ” test for that time interval would be 
testing a test-piece at relatively low temperatures 
far below that of liquid metal. It would thus 
appear that the addition of a suitable amount of 
larger grains would improve the knitting together 


oF 100 27 
322 225 142 
525 > 350 207 
122 <100 47 
217 <100 27 | 
208 <100 72 


transmitted to the sand through the plugs. After 
each blow, the core-box is turned end for end, this 
procedure being adopted as a result of work on 
the packing of sands during ramming (see W. 
Davies and W. J. Rees:*). 

The drying (or baking) temperature employed 
is usual in sand testing in this country, and is, I 
believe, adopted as being roughly comparable 
with foundry drying stove conditions. 

I regard Table A as an extremely valuable 
contribution. In view of the differences in tech- 
nique, the similarity between the results of western 
bentonite is striking. The difference between the 
data for Fulbond No. 1 and southern bentonite 
may be due to the presence of calcite in the former. 

The ultimate aim of moulding materials research 
should be to treat the construction of a mould or 
core as a problem in the strength of materials. 
Perhaps someday it will be possible for the foundry- 
man to look at a new mould design and decide 
without experiment just what properties are 


* Journal of The Iron and Steel Institute, 1944, No. II., p. 19 P. 
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required in the moulding material for that par- 
ticular job. If the moulding material is selected 
properly, there should be no erosion by molten 
metal, the casting should be sufficiently well sup- 
ported to resist distortion, and yet the mould 
should accommodate the shrinkage during cooling 
without the development of hot tears. Strength 
of materials formule are usually semi-empirical in 
character; at present the empirical basis is lacking 
and must await the correlation of foundry trials 
with elevated-temperature laboratory tests. 


The Tinning of Cast Iron. 


By R. A. CRESSWELL, M.Sc. (Trix RESEARCH 
INSTITUTE, GREENFORD). 


(Journal of The Iron and Steel Institute, 1945, 
No. II., pp. 157 p—169 Pp.) 


SYNOPSIS. 


The quality of hot-dipped tin coatings on cast iron after 
different pretreatments is investigated, using the criteria 
of continuity of coating, rust resistance, and adhesion. 
The nature of the bond between tin and cast iron is also 
studied, by microscopical examination. 

The poor tinning quality of cast tron is shown to be 
caused mainly by the presence of graphite flakes and to be 
intensified by contamination of the iron surface by graphitic 
sludge after pickling in acids. Investigation of modifica- 
tions of the ordinary tinning processes shows that improved 
tin coatings can be obtained by reducing the duration of 
pickling in acids to a minimum ; this is facilitated by 
good mechanical cleaning. The best pickling agent is 
found to be a cold mixture containing 5 vol.-% sulphuric 
acid and 5 vol.-% hydrofluoric acid. The corrosion- 
resistance and adhesion of coatings obtained by such 
modifications of ordinary methods are, however, still low. 

Two new methods of preparing cast tron for tinning are 
described, both involving treatment in molten salts. The 
chloride method consists of wmmersing the article in the 
fused zinc-chloride/sodium-chloride eutectic mixture at 
300-350° C., followed by dipping in tin, covered with a 
layer of the same fused salt mixture, at 300° C. This 
method gives adherent protective coatings of tin on cast iron 
which has been well cleaned mechanically. When the cast 
tron 1s bonded to white metal, consistent adhesion values 
of from 2 to 2-8 tons/sq.in. are obtained. The chloride 
method can be adapted to tinning by wiping. 

The nitrate method was developed to give highly ad- 
herent coatings of tin and involves the following steps : 
Laght pickling in acid to “open up” graphite flakes ; 
ummersion for 15 min. at 300-350° C. in fused sodium- 
nitrate/potassium-nitrate eutectic mixture in order to 
oxidize surface graphite ; pickling in dilute hydrofluoric 
acid to remove the scale formed in the nitrate bath ; fluxing 
and tinning. Adhesion values of up to 3-8 tons/sq.in. 
are obtained between tin-base bearing alloy and cast iron 
tinned by this method. Microscopical examination of the 
bond shows that the tin penetrates cavities formerly occupied 
by graphite. 


Dr. C. E. Homer (Messrs. Darwins, Ltd., 
Sheffield) wrote : The processes described appear 
to constitute a major advance on those previously 
available, and should extend the application of 
hot-tinning in this field. There is one practical 
point in connection with the chloride process 
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which has not been mentioned by the author, 
although one would have expected it to be of 
some importance, namely, the contamination of 
the tinning bath by gritty tiniron compound 
in large-scale operation. With the conventional 
process, traces of iron chloride are introduced into 
the bath on the surface of the pickled, washed, 
and fluxed article, and it is generally assumed that 
it is the reaction between the iron chloride and the 
molten tin which produces the tin—iron compound. 
The accumulation of the compound affects the 
finish of the work, and in order to remove it the 
bath has to be treated periodically. 

One would expect rather more iron chloride 
to be carried over into the tin bath in the fused- 
chloride process, particularly when the salt bath 
has had considerable use. It would be interesting 
therefore to know whether the author can give any 
information as to how the fused-chloride process 
compares with the conventional one and what 
precautions he advises to minimize compound 
formation. Itis also important to know how to de- 
cide when the salt has become unfit for further use. 


Mr. P. ATTENBOROUGH (International Meehanite 
Metal Co., Ltd., London) wrote: Any contribu- 
tion such as Mr. Cresswell’s, which considers 
rationally an industrial technique of an empirical 
character is of undoubted value. 

In referring to adhesion values of white-metal- 
lined bearings stated in the paper, certain com- 
ments upon testing seem pertinent. In Table 
IJ., where six adhesion values are given per 
specimen, the range of results within each group 
varies from 74 to 59%, ignoring test data where 
either eccentricity of test-piece or entrapped oxide 
is quoted. 

Is it considered that this lack of uniformity 
is a measure of a corresponding variation in the 
bonded surface of the specimen? If so, equal 
consideration must be given to the range values 
of test results as to the average adhesion strength 
in assessing the merit of any tinning process. 

Alternatively, the variation in adhesion values 
may be inherent to the testing method, which 
requires small specimens. For instance, the cross- 
sectional area of a test-annulus machined to $ in. 
external dia., and * in. internal dia. is only 
0-12 sq. in., and the accuracy of machining 
required would appear to involve practical 
limitations as a routine test-method. 

A third possible cause of variation may be 
derived from stress imposed by machining; e.g., 
a number of results in Table II. are invalidated 
owing to the lining being forced off in sawing and 
drilling. It is suggested that machining stresses 
may not always be manifest so obviously, but may 
nevertheless be of sufficient magnitude to influence 
test values. 

Lastly, permission is sought to include a number 
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of test results obtained by the research organiza- 
tion with which Mr. Cresswell is associated and by 
the same method already discussed. These were 
done primarily to determine the effect of graphite 
size of the cast-iron sample upon adhesion values. 

The two factors affecting graphite flake con- 
sidered were (a) the effect of casting mass, and 
(6) the influence of metal process, employing both 
normal and high-duty cast iron. Comparison was 
also made with white-metal-lined specimens that 
had. been previously electroplated with successive 
layers of iron and copper, each layer being 
approximately 0-001 in. thick, and deposited 
under well-controlled conditions. 

The compositions of the test materials selected 
were as follows : 


Total Carbon, %. 


Grey iron No. 1 3:68 
Grey iron No. 2 3°25 
*High-duty iron H 3°33 
*High-duty iron C 3:10 
*High-duty iron A 2-98 


The test results are presented in Table B, and 
give rise to the following comments : 


(1) Adhesion values of the nitrate method are 
approximately 14 times as large as those of the 
chloride method. 

(2) Specimens plated with consecutive layers 
of iron and copper, under optimum conditions, 
and hot-tinned, gave adhesion values only one- 
half those of samples tinned by the nitrate 
method and are lower than the values given for 
high-tensile irons tinned by the chloride method. 

(3) Results from the nitrate method are 
fairly constant irrespective of casting section 
and metal process. The “ keying effect ”’ of tin 
penetrating cavities previously occupied by 
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graphite does not increase as the graphite 
content of the iron increases, 7.e., for the lower 
tensile irons, Nos. 1, 2, and £, or as the original 
casting mass increases. 

It has been suggested that some of the flux 
and fused salts remain in large graphite cavities 
and prevent the maximum potential bond from 
being obtained. 

Although metal type does not apparently 
affect the bond-adhesion value, selection of the 
backing metal for cast-iron bearing shells should 
be made so as to obtain maximum strength and 
solidity. 

(4) Values given by the chloride method 
are highest where conditions favour the forma- 
tion of small graphite flakes. Bond strength 


Tensile Strength, 
tons/sq.in. (0-875-in. 


Silicon, %. Manganese, %. Phosphorus, %. dia. B.S.I. test-bar). 
2-00 0-60 0-39 13-4 
2-92 0-55 1-03 12-6 
2-20 0-75 0-21 16:2 
1-92 0-76 0-16 19-8 
1-45 0:90 0-12 24-8 


* The high-duty irons were made by the Meehanite process. 


is a maximum for all types of cast iron 
in thin-section specimens and, for high-duty 
irons, in specimens of both thin and heavy 
sections. 


AUTHOR’S REPLY. 


Mr. CRESSWELL wrote in reply: Dr. Homer 
raises an interesting point in the possibility of 
contamination of the tin by pick-up of iron in the 
fused chloride bath. Some contamination does 
occur, but if the salts are contained in a Monel- 
metal pot, the contamination is no greater than 
that encountered with normal tinning procedures. 
Analysis of the salts after 2} months’ continuous 
use in a Monel-metal container gave 0-:1% of 


TaBLE B.—Results of Adhesion Tests on Specimens Tinned by Various Methods. 


Tinned by Chloride Method. Tinned by Nitrate Method. Iron and Copper Plated, and Tinned. 
ig Test Adhesion Values, Average Test Adhesion Values, pela Test Adhesion Values, rye 
tons/sq.in. nea tons/sq.in. rs re aa. tons/sq.in. ieanicaes 
Thin specimens, 2 X 3 X 3 in. as-cast, machined to 2 X 3 X tim. 
No. 1 2-1 1:3 | 1:3 1-2 1:5 Awl 2:0) aod) Omens: aa aa’ soe. || 
INow 2. 2-2 1:8 1:6 1-2 1:7 2-5 | 3-0 | 3-4 | 2:4 2-8 Ao wae “Apbeall 
EH. 1-87 | 2-0 | 2-0) | 2-0 2-0 ODOM Sl Saullo 2-9 
(OF 1-9 1:6 | 2:2 | 2-1 2-0 3:0 | 3:0 | 3:3 | 3-4 3:2 
Heawy specimens, 2 X 4 x 2-in. blocks as-cast, machined to 2 x 3 X fin. 
} Test-pieces taken from interior of block. 

INOmale 1-1 1-2 1:9 1-1 1:3 2-2 arate = 2-1 2-2 1-2 | 1-2 1-2 1:0 1-2 
ING. 2e 1-2 1-2 1-2 1-1 1-2 3-3 | 3-6 | 3:2 | 3:7 3°5 1:0 1-1 | 0-9 | 0-8 0:95 
EH. 1-2 1-2 | 2:0 | 0-9 1:3 2°8 1-8 | 2-4 | 2-6 2-4 1-7 1-2 2 ee 1:3 
C. 1:5 | 2:4 |) 1-7 | 2-2 2-0 DI mssG | 62-9 ale 22o 2-8 2-1 1-1 OMe el 1-3 
A. 2-8 1-2 1-2 1-9 1-8 3-0 | 2-3 | 2-6 | 2-3 2-6 1:0 | 1-1 1-1 1:9 1:3 
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iron, less than 0-1°%% of copper, and a trace of 
nickel; this concentration of impurity was not 
harmful in any way. Apart from occasional 
additions to compensate for “carry over,’ the 
salts were not renewed for over 18 months and the 
bath was still in good working condition. 

On the other hand, in an iron or steel container 
the salts rapidly became contaminated with iron, 
and gave rise to a gritty tin bath; after 20 hours’ 
operation the salts had picked up. 0-89% of iron; 
in this condition the bath still cleaned the cast 
iron satisfactorily, but led to very rapid contamina- 
tion of the tin. 

I am grateful to Mr. Attenborough for adding 
some further results of adhesion tests which were 
obtained in collaboration with him after the paper 
had been submitted for publication. I am in 
agreement with his comments on these results. 
With regard to the method of adhesion testing, the 
variability of results due to factors inherent in the 
testing method is difficult to assess when testing 
on cast iron, owing to the rather large variation of 
metallurgical bond. Using a more uniform back- 
ing material, namely, mild steel, the variability of 
adhesion test results has been investigated by 
Forrester and Greenfield and will be discussed in 
a paper to be published shortly. Mild-steel plates 
were lined under various conditions with the 7° 
antimony, 34% copper alloy used in my experi- 
ments. Sixteen tests were made for each set of 
conditions and from these results an estimate was 
made of the standard deviation; with the best 
lining technique this value was found to be 4:5%. 
Thus the probability is that 95% of the deter- 
minations should fall within +9% of the mean. 
The variation shown in my figures is clearly 
greater than this, suggesting that the main 
proportion of the variation is due to actual 
differences in bond strength from place to place. 


The Design and Performance of Some 
Commercial Optical Pyrometers of 
the Disappearing-Filament Type. 


By C. R. BARBER, B.Sc. (Nationat PHysicaL 
LABORATORY). 


Paper No. 18/1946 of the Steel Castings Research 
Committee (submitted by the Foundry Steel 
Temperature Sub-Committee). 


(Journal of The Iron and Steel Institute, 1945, 
No. II., pp. 171 p-188 Pp.) 


SYNOPSIS. 


A critical examination has been made of five models of 
commercial portable optical pyrometers of the disappearing- 
filament type, with reference to the design of the lamp, the 
optical system, the monochromatic and neutral filters, and 
the measuring system. 

It has been shown that in many cases the lamp fila- 
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ments are too short to be free from end-effect, and the 
advantages of the use of a flat-filament in this and other 
respects are discussed. The size and position of the 
diaphragms of the optical system were in some examples 
not in accordance with those necessary for obtaining perfect 
disappearance of the filament. The transmission curves 
of the monochromatic and neutral filters are given, and the 
requirements of the combination of the two filters are 
examined. A current or voltage calibration of the lamp 
may be employed and the advantage of the latter for short 
filaments is pointed out. The potentiometer method used 
in one pyrometer has considerable merit. 


Dr. E. J. SanpFrorpD (Hard Metal Tools, Ltd., 
Coventry) wrote: This paper is of great im- 
portance in demonstrating that optical pyro- 
meters of commercial manufacture are by no 
means as carefully designed or as accurate as 
users often believe. On reading Mr. Barber’s list 
of defects, which covers the lamps, filters, 
absorption screens, optical systems, &c., it is 
apparent that these instruments are not designed 
in accordance with well-known scientific principles, 
but are made more or less empirically. It is un- 
fortunate that the author was not able (for obvious 
reasons) to add to the usefulness of his paper by 
stating the maker’s name for each pyrometer, 
but it is to be noted that pyrometer H was much 
superior to the others, and it would be interesting 
to know whether it was of British or foreign 
manufacture. 

The use of high temperatures, both commercially 
and in research, is becoming more commonplace, 
and the demand for the accurate measurement of 
temperatures between 2000° and 3000° C. is 
growing. In my experience, it is practically 
impossible to measure such temperatures with a 
greater accuracy than --50° C. with commercial 
instruments, mainly because there is no method of 
calibration on which greater reliance can be 
placed. The usual procedure adopted by manu- 
facturers of optical pyrometers seems to be to 
extrapolate from the highest temperatures of the 
standard tungsten lamp (about 2000° C.). In 
view of Mr. Barber’s disclosure of the variation of © 
the absorption factor of some instruments, it can 
readily be seen that extrapolation from 2000° to 
3000° C. is subject to great errors. Even at lower 
temperatures my Company has had difficulty 
in obtaining a reliable calibration. Pyrometers 
newly calibrated by the manufacturers have been 
checked against a standard tungsten lamp (cali- 
brated by the National Physical Laboratory), and 
differences of 60-—70° C. at 1500° C. have been 
found. In fact, it is apparent that too little 
regard is paid in this country to the accurate 
measurement of high temperatures. 

Referring to the effect of the filament length 
on the time to reach equilibrium temperature, I 
should like to know whether it is a satisfactory 
procedure to run the filament to, say, 100° C. 


OPTICAL PYROMETERS OF THE DISAPPEARING-FILAMENT TYPE.—CORRESPONDENCE. 


above the temperature to be measured and to 
approach the disappearance point from the higher 
temperature. It would appear that the time lag 
can be reduced by this method. 

In Fig. 4 of his paper Mr. Barber has shown the 
exit and entrance angles as the angle subtended 
by the diaphragm at the filament or nearest lens. 
I should like to know whether the diameter of the 
objective and eye-piece was large enough, in all 
cases, to cover the entrance and exit cones 
respectively. In one pyrometer examined in my 
Company’s laboratories, the diaphragm was so 
large that the entrance cone when projected in the 
plane of the objective lens was greater than the 
diameter of this lens. This discrepancy was more 
pronounced than that shown in Fig. 4(b) of the 


paper. 


Mr. W. M. Barratt (Hard Metal Tools Co., 
Ltd., Coventry) wrote: Mr. Barber’s paper has 
been read with considerable interest by us for we 
have in use in our works several disappearing- 
filament optical pyrometers and his investigations 
coincide with some that we have carried out. Our 
tests, however, have been more in the nature of 
workshop practice and consequently have not the 
same degree of accuracy as his. He may find our 
comments of interest and will be able to compare 
them with his own and with others. 

We have in regular use, at present, instruments 
of this type made by a very well-known English 
manufacturer and also some made by a well-known 
German firm. In other works, in the past, two 
other English types have been used, one of which 
was not very popular for our type of work; the 
other was useless. It was found impossible to focus 
the eye-piece of the last-named so as to get the 
filament to disappear and it was tiring to the eyes. 

The German instrument is the most popular 
because of its ease in matching, complete dis- 
appearance of the filament when matched, 
consistency in readings, wide scale, anti-parallax 
mirror on the scale, current scale, and low thermal 
lag. The thermal lag, incidently, is opposite to 
the others, 7.e., the reading falls about 10° C. in 
about 2 min. The disadvantages (though not 
serious ones) are: The indicator is separate to the 
sighting tube, the moving-coil system has a “‘ set- 
up” zero, and the image in the sighting tube is 
inverted. 

It is hoped that this long-delayed investigation 
will be seriously considered by the manufacturers, 
because we feel that if sufficient interest could be 
aroused among them, the user, and the N.P.L., 
an instrument of English manufacture could be 
marketed that would compare favourably with 
the foreign one mentioned by Mr. Barber. 

If our presumption of the make he mentions is 
correct, the improvements incorporated in the 
present instrument appear to be due to co- 
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operation between the maker and the Bureau of 
Standards after their investigations by Fairchild 
and Hoover. 

It is a particularly good instrument for pre- 
sision work, but its price in Britain is about three 
times the cost of the English make and so it may 
not be worth the extra expense where repetition 
and ordinary industrial accuracy are concerned. 

We, as users, are not satisfied with the instru- 
ments in use. The complete disappearance of the 
filament is often very difficult and sometimes 
impossible ; thermal lag is serious, and mechanical 
balance is sometimes troublesome. As can be 
expected, each instrument has its own character- 
istics which can be discovered only by careful 
investigation and by recording the results. One 
notable instance of this is the thermal lag which 
can be from 10° to 25° C. in temperature indica- 
tions, and varying in time (for a steady reading) 
from 4 to 3 min., depending on the temperature 
between 1100° C. and 1600° C., and on the par- 
ticular instrument. We have also found that 
instruments that have been in use, on and off, for 
4 or 5 years “ creep’”’ more than those that have 
been purchased later. The newer instruments, 
however, are more difficult to match owing to the 
bright “ reflection ”’ lines around the edges of the 
filaments. This, of course, means that no two 
observers get the same reading. 

In addition to the difficulties mentioned, more 
attention should be given to the monochromatic 
glasses. We have double-ranged instruments and 
the same monochromatic glass is used for all 
temperatures with the result that, when the 
higher temperatures are being checked, colour 
effect becomes evident and disappearance of the 
filament is impossible. In the German instrument 
there are two red glasses, one thicker than the 
other, which are changeable merely by rotating a 
ring on the sighting tube. This helps considerably 
in ease of matching. 

Another difficulty has been experienced : When 
the eye is (presumably) placed centrally in the eye- 
piece and the filament focused and matching the 
image, any slight movement of the head puts the 
filament out of focus and upsets the matching. 
This appears to be due to the lenses and: to 
reflection, because, when the filament is sighted on 
the image (and with no current passing through) 
with the head in one position and the filament 
appearing as a well-defined, black object super- 
imposed on the luminous background, a slight 
movement of the head will show part of the 
filament slightly luminescent and the other part 
black. This is when considering the thickness of 
the filament at the point where matching is 
usually made. With the German instrument, a 
diaphragm is fitted between the eye and the 
monochromatic glass so that the eye is auto- 
matically centralized. 
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Lastly, we are concerned with the checking of 
the instruments above the safe temperature 
(maximum) of 2100° C. for the tungsten-strip 
lamp. There appears to be no satisfactory method 
between the temperature of 2100° C. and that of 
the carbon arc, except, perhaps, iridium (which 
has been given as +3° C. at 2454° C.) and tungsten 
melting points. There seems to be no great 
certainty about the temperature of the carbon 
arc. Investigators in the U.S.A. give different 
results, their temperatures varying from 3811° K. 
(International Temperature Scale) to 3829° K. 
Kahy and Laby give a figure of 3400° C., and 
3600° C. when under pressure. It appears that 
much care has to be taken over the purity and 
thickness of carbon, the maximum current flowing, 
are voltage, and relative positions of the positive 
and negative tips. 

We are interested in temperatures of 2500°— 
3000° C. and no doubt many others are, or will be, 
concerned with these higher limits; it will be 
interesting to hear Mr. Barber’s opinion and 
whether any investigations in this range are being 
made. We feel that extrapolation is theoretically 
sound, but with the filters, and combinations of 
them, errors can creep in owing to transmission 
curves differing, to absorption and/or reflection 
effects, or to any other unknown effects which 
make commercial practice differ from a theoretical 
thesis. An investigator in America has obtained 
good results from his experiments on a carbon 
tube furnace operating at 3000° C. and, using a 
radiaton pyrometer, he found a close relation 
between kilowatt power input and temperature. 

Some of the effects we have mentioned may not 
be experienced by other users because the objects 
they are sighting differ so much from ours, and 
it has been proved that with different-sized objects 
the effects differ. We sight onto a luminous 
segment which is under “ black-body ” conditions 
and about ? in. wide, but the temperature variation 
from the outer and inner edges to the centre 
varies over about 100° C. so that filament thick- 
ness is important to us. We get different results 
at times when sighting on our strip-filament test- 
lamp and on a furnace. Most of the troubles 
appear to be due to the entrance and exit angles 
and to the lamp filaments, as mentioned by Mr. 
Barber, but improved coloured glasses and filters 
would help considerably. 

We know that the manufacturer of our English 
make is investigating the possibility of fitting 
flat-sided lamps, but, as in the case of lenses and 
filters, they are dependent on the lamp and glass 
manufacturers who have their own difficulties. 
It is hoped, though, that the interest shown in 
Mr. Barber’s paper, and the various experiences 
mentioned by users, will produce effective results. 
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AUTHOR’S REPLY. 


Mr. BarBeR wrote in reply: It is interesting 
to have on record the experiences of users of com- 
mercial disappearing-filament optical pyrometers 
and to note the confirmation of many of the defects 
of the instruments set out in the paper. 

With regard to thermal lag of the lamp fila- 
ment, I think the course suggested by Mr. Sand- 
ford of approaching the matching point from 
about 100° C. above the temperature would reduce 
the lag error somewhat, although no expedient of 
this nature can completely overcome this inherent 
defect. The observations concerning the exces- 
sively large apertures in some pyrometers serve to 
emphasize the apparent absence of the use of any 
guiding principles in deciding on the size of 
diaphragms to be employed. 

The problem of very high temperature measure- 
ment (2000° C. upwards) with many of the exist- 
ing optical pyrometers is somewhat difficult, 
mainly on account of the poor quality of the 
absorption glasses and the absence of a suitable 
calibrated source. Mr. Sandford’s statement that 
there is no great certainty about the temperature 
of the carbon are is hardly borne out by the 
figures which he quotes. The divergence of 
+ 10° on a mean value of 3820°K. for four 
independent determinations of the point is equiva- 
lent to a divergence of + 14°C. at the melting 
point of gold, the fundamental point of the scale, 
on which all temperatures above the gold point 
are based. When the errors of extrapolation are 
taken into account it is evident that the spread of 
20° at the are point is not serious. It seems clear 
that when the necessary precaution of employing 
high-purity carbons is observed and the operating 
conditions are such as to produce a steady are 
without hissing, the arc point provides an excellent 
check for the extreme high-temperature range. 
We have recently made a determination of the 
temperature of an arc at the National Physical 
Laboratory and a value within the limit of + 10° 
on 3820°K. was obtained. Acheson graphite 
electrodes were used, the positive being 4 in. in 
dia. and the negative }in. The latter burnt away 
rather rapidly and continuous hand control was 
necessary to produce a steady arc, but with a 
little practice in determining the correct relative 
positions of the electrodes, a uniformly bright disc 
filling the entire crater may be maintained. If 
the absorption constant for the pyrometer is 
determined at the are point and up to the limit 
of the tungsten-strip lamp’s range, interpolation 
in the region 2000—3000° C. should be possible 
without serious error. 
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Further Correspondence on 


A Rapid Method of Ore Testing. 
The ‘*S.K.” Porosity Test. 


By H. L. SAUNDERS, Pu.D., F.R.LC., anp 
H. J. TRESS, Pa.D. (ImperiaL CoLuEGe, 
SoutH KENSINGTON). 


(Journal of The Iron and Steel Institute, 1945, 
No. I1., pp. 291 p-300 P). 


SYNOPSIS. 


An apparatus is described for the rapid determination of 
the porosity of ores by what is known as the “‘ SK.” (South 
Kensington) test. The principle of the test is to fill the 
voids in turn with mercury, air, and water; for porous 
materials the voids are greatest for air, less for water, and 
least for mercury. The differences between the values are a 
measure of the porosity relative to the fluids employed. 
Several specimens of ore and sinter were examined. Ores 
are more porous than sinters, while the voids of mixtures are 
additive. It 1s shown how the measurements can be 
applied to forecast the behaviour of materials in the blast- 
furnace (deoxidation and carbon deposition). 


Mr. O. I. GintEwsK1 (Department of Biological 
and Colloidal Chemistry, The Hebrew University, 
Jerusalem) wrote: The authors have proposed a 
porosity test to forecast the working qualities of 
ores. Concerning this quality the authors’ con- 
clusion remains quite valid, but I will show in the 
following how the determination of the porosity, 
carried out as proposed by them, may lead to false 
interpretations. To avoid this it is proposed to 
modify the technique of porosity determination 
in accordance with the method elaborated by 
myself. My method not only gives more accu- 
rate porosity values independent of the fluid 
filling the pores of the porous bodies, but also has 
the advantage of being simpler. 


(1) The Penetration of Liquids into Porous 
Material—wWhen studying the power of penetra- 
tion of different liquids into porous matter I 


demonstrated * the existence of the following 


relation : 
V=a—bs. 6 tb) 


where V is the volume of liquid imbibed per 
gramme of matter (7.e., fillmg the pores which 
communicate with the external surface) when the 
equilibrium state is reached, the porous matter 
being plunged in the liquid; s is the surface 
tension (dynes per centimetre) of the liquid in 
contact with air; and a and b are constants 
which depend on the nature of the porous material. 

This relation has been checked for different 
materials, e.g., fritted glass, graphite, fritted iron, 
cement, &c., with the aid of liquids like acetone, 
ethyl and methyl alcohol, benzene, water, &c.; 
it shows that, other factors remaining constant, 
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the liquid is absorbed by the porous material 
more completely as the surface tension decreases. 
By this relation the real volume of the porous 
material can be calculated and a very accurate 
porosity index defined. One might assume that 
a hypothetical liquid of which the surface tension 
was zero (2.e., s = 0) would completely fill all the 
pores of the material communicating with the 
external surface. 

If in equation (1) s is made equal to zero, V 
becomes equal to a. Thus the experimental 
coefficient a represents the total volume of the flores 
of the material. Knowing a (experimentally 
determined), the density can easily be calculated. 


(2) Determination of a.—The porous body is 
suspended from the beam of an analytical balance 
and plunged into the liquid, and the apparent 
weight, when equilibrium is established, is noted ; 
the density of the liquid being known, V is easily 
calculated. By repeating the experiment with 
different liquids with differing surface-tensions, 
values for V can be obtained from which the curve 
V =a — b.s can be drawn. 

The real volume of the porous body (and con- 
sequently its density) is obtained by deducting 
the total volume of the pores (7.e., the coefficient 
a) from the apparent volume (determined, for 
example, in mercury). The following are two 
examples : 


A.—A piece of fritted glass is suspended in 
different liquids to determine the relevant 
equation of imbibition : 

V = 0-39 — 0-0045s c.c. 
Mass = 1-173 g. 
Apparent volume (in mercury) = 0-914 c.c. 

From this the real volume is deduced : 

0-914 — 0-39 = 0-524 c.c. 

and the density : 
1-173 
0-524 

B.—A determination on electrode graphite 
gave : 


= 2-24 g./c.c. 


@ = 0-225. 
Mass = 1-56 g. 
Apparent volume (geometrical dimensions) = 


0-93 c.c. 
from which the density is found to be 2-45 g./c.c. 


(3) Determination of the Index of Porosity.— 
With the help of two liquids of different surface 
tensions it would be possible to determine the 
imbibition line (V =a —b.s) relating to the 
body in question. Let curves (1) and (2) in Fig. 
A be such lines relating to two bodies, Nos. 1 and 
2. It is clear that the porosity cannot be deter- 
mined by the simple comparison of the volume of 
a liquid penetrating into Nos. 1 and 2, because it 
is possible (at least theoretically) that one imbibi- 


* Thése Doctorat Chimie, Montpellier, November, 1944. 
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tion line might intersect another (line x). In this 
case, material x happens to have a greater porous 
volume for liquids with a large surface tension, 
whereas No. 1 seems to be more porous when the 
comparison liquid has a small surface tension. 


Fic. A.—Imbibition Lines. 


In other words, the determination of the porosity 
of a material must be independent of the nature 
of the fluids which penetrate it, and the porosity 
should be defined only as a function of the 
characteristic coefficients of the porous solid as is 
shown in the following. 

Equation (1) allows the fineness of the pores to 
be characterized. Let us consider a capillary 
tube of diameter 2r and of capacity v,; let p be 
the initial pressure (1 atm.) of the gas contained 
initially in the capillary tube, P the pressure of 
this same gas when static equilibrium after im- 
mersion is reached, and v the volume thus occupied 
by the liquid. One can write : 


P =v.p/(v, — v) and P — p = v.p/(v, — v), 
and at equilibrium : 
2rrs.cos 8 = 2nrl = (P — p)xr?, 


where J is the difference between the solid/gas 
and solid/liquid interfacial tensions and cos 6 is 
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the cosine of the angle of contact. Finally one 


obtains : 
2s.cos 9 = (P — p)r = vpr/(v, — v) 
or 
v/(% — v) = Vi(a — V). 
Assuming that all the pores of the material have 
the same diameter we have : 


2s.cos 9 = 2.J = Vpr/(a—V). 


Thus for the same material and the same 
liquid (same J and same total volume of the pores 
a) V varies inversely as 1, i.e., the coefficient b of 
equation (1) becomes smaller as 7 decreases. 
Thus 6b characterizes the fineness of the pores in 
the material. 


(4) Definition of the Index of Porosity.—The 
index of porosity is defined by the relation b/a. 
The following are some numerical values : 


b/a 
Fritted glass 0-0115 
Electrode graphite 0:0126 
Bricks : : 0-0117 


(5) Conclusion.—I propose to use the index b/a 
for the evaluation of the porosity of ores and to 
introduce it into the “‘ 8.K.”’ porosity test. 


AUTHORS “REP EY? 


The AuTHoRS wrote in reply: We cannot 
accept Mr. Giniewski’s conclusion that liquid 
penetration is independent of vapour pressure 
and increases with lowered surface tension so that 
at zero surface tension the pores would be com- 
pletely filled despite imprisoned air. The figures 
quoted do not differentiate between three materials 
of very different texture ; moreover, gaseous reduc- 
tion as in the blast-furnace cannot adequately be 
assessed by porosity measurements made with 
wetting liquids alone. 


(es6r Pr .) 


THE EFFECTS OF DIFFERENT METHODS OF PRE- 
TREATING IRON AND STEEL BEFORE PAINTING. 


By F. FANCUTT, F.R.1LC., A.M.I.CHEm.E. 


(Lonpon, MipLanp anp ScorrisH Ratbway Company, DERBY). 


Paper No. 17/1946 of the Corrosion Committee (submitted by the Protective Coatings (Corrosion) Sub- 
Committee). 


Tuis Report is published as Special Report No. 31; it was included in the programme of papers 
presented at the Annual General Meeting of The Iron and Steel Institute, held in London, at the 


Offices of the Institute, on Ist and 2nd May, 1946. 


SYNOPSIS. 


The dependence of the durabllity of -paint 
applied to iron and steel upon the surface condition 
of the metal is strongly emphasized by the results 
of this investigation. All treatments tested which 
leave the steel surface in a rust-free, scale-free 
condition at the time of paint application are 
comparable in presenting an “‘ ideal ” surface for 
painting, and the choice between them will 
generally be determined on economic grounds or 
convenience of operation. 

The simulataneous presence of rust and scale 
below a paint film induces rapid breakdown, while 
light surface rust in the absence of scale, though 
accelerating paint failure, is not so deleterious, 
especially where red lead paint is used in priming. 
Exposure of the descaled steel, unless accompanied 
by the formation of a visible film of rust, does not, 
however, shorten the life of paint subsequently 
applied. 

The durability of paint applied to the as-rolled 
surface (7.e., scale-bearing, but rust-free), provided 
that the film of scale is practically complete and 
unbroken, is much the same as for the scale-free, 
rust-free surface. 


The following is a synopsis of the Report. 


The rate of breakdown of paint applied to a 
clean, rust-free, scale-free surface appears to be 
mainly a function of the paint itself, and to be 
largely independent of (a) the type of steel, (b) the 
descaling method employed, 7.e., chemical or 
mechanical, (c) nature of acid used, (d) the 
presence or absence of inhibitors added to the 
pickling bath, and (e) the washing process em- 
ployed after pickling. 

The life of paint applied to a steel surface not 
in the ideal condition is, on the other hand, 
influenced by a number of factors, including (a) 
the type of steel, and (b) the nature of acid used, 
in addition to the sometimes overwhelming factor 
of surface condition. 

The method of paint application is of importance 
when it influences the weight of paint applied, 
and in this investigation spray-applied films were 
heavier and consequently more durable than 
brushed ones. Red lead priming is much superior 
to red oxide on rusty surfaces, but the difference 
is less, and may even be reversed under certain 
conditions, when rust-free, scale-free surfaces are 
involved. 
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The First Hatfield Memorial Lecture. 


THE SERVICES TO METALLURGY OF THE LATE 
DR. W. H. HATFIELD, F.R.S. 


By GHORGE B. WATERHOUSE, Px.D., D.Mer. 
(PROFESSOR OF MrratturGy EMERITUS oF THE Massacuusetts InstiruTeE oF TECHNOLOGY). 


SYNOPSIS. 


The lecturer first reviews Dr, Hatfield’s early life and training in Sheffield up to the time of his appoint- 
ment as Director of the Brown-Firth Research Laboratories in 1916. He held this appointment until his 
death 27 years later, and the main part of the lecture is devoted to a fuller account of his activities during 
this period. The wide range of subjects covered by his investigations, his attention to the organization cf 
research, and his work for the Joint Research Committees of The Iron and Steel Institute and the British 
Iron. and Steel Federation are dealt with in detail. The large number of papers in which he reported the 
results of his investigations are quoted as examples of his constant effort to promote the free exchange of 
metallurgical knowledge. In tracing Dr. Hatfield’s life, the lecturer shows how his interests were at first 
restricted to a few plants, how they extended to others, and how they eventually spread beyond Great Britain 


to the other nations of the world. 


Members and guests of The Iron and Steel 
Institute; Fellows and Friends of the Royal 
Society; Alumni, Officials, and Students of the 
University of Sheffield : 

It is a great honour to be invited to give the 
first annual Hatfield Memorial Lecture and to be 
able in this way to pay tribute to a great and 
distinguished metallurgist in the field of iron and 
steel. 

Mr. Walter S. Tower, President of the American 
Tron and Steel Institute, wished me to read and 
present the following letter : 


March 26th, 1946. 


Officers, Directors, and Members of The Iron 
and Steel Institute : 

Your invitation to our colleague, Dr. George B. 
Waterhouse, to deliver the first Hatfield 
Memorial Lecture on the occasion of your 
Annual Meeting is a compliment to him and to 
all the men of the steel industry in this country. 
And it is a welcome opportunity to reflect the 
high esteem for Dr. Hatfield so long held by 
our steel men. 

Dr. Waterhouse has kindly consented to take 
our greetings to you on the occasion of that 
meeting. The preliminary programme which 
came to our notice indicates an interesting group 
of papers. You have our friendly greetings 
and very best wishes for a successful meeting. 

It is especially pleasant to believe that your 
industry is now definitely on its way to recovery 
of completely peace-time status. 


(Signed) WALTER S. TOWER, 


President. 
1946—i 


It is very fitting that this first lecture in memory 
of Dr. William Herbert Hatfield should be held 
during the Annual Meeting of The Iron and Steel 
Institute, because, as will be brought out later, 
he was a loyal and devoted Member of the 
Institute. For over forty years he took a great 
interest in its activities, believed whole-heartedly 
in its aims and objects, and contributed very 
largely to its success. 

The Lecture Committee suggested that the sub- 
ject of this first lecture might very properly be 
the contribution and influence of Dr. Hatfield’s 
metallurgical work. 

As the first step in this large undertaking it 
will be very helpful to point out briefly the main 
features of his metallurgical activities. For aid 
in this I am greatly indebted to the excellent 
obituary prepared by Dr. C. H. Desch, F.R.S.,1 
and to a memorandum from his fellow workers 
in the Brown-Firth Research Laboratories; I 
have also drawn upon my own recollections. 

He was a native of Sheffield, and, as was perhaps 
natural, he became interested in the iron and 
steel industry and remained devoted to it all 
his life. While working as a young man in a 
steelworks laboratory he attended evening classes 
at the Sheffield Technical College, where he studied 
under J. O. Arnold, A. McWilliam, F. Ibbotson 
and F. K. Knowles. These men, all of them of 
great ability and strong character, had a great 
influence on him, as they had on all who attended 
their courses. He graduated and was awarded 
the highest honour, the Mappin Medal, in 1902, 
when only twenty years old. This is a striking 
evidence of his capacity for hard work and mental 
activity because this award was open to both day 
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and evening students and competition was 
intense. 

For the next fourteen years he was connected 
with Messrs. John Crowley and Co., Ltd., as 
Metallurgist and Manager, and later as Director, 
and was greatly interested in steel castings, cast 
iron, and malleable cast iron. He continued his 
scientific studies and connection with the College, 
which during this period became a part of the 
newly created Sheffield University. Im 1913 he 
received the degree of Doctor of Metallurgy. 
Also during this period, appeared the first of his 
very large number of papers dealing with iron 
and steel. There were seventeen, two of them 
on steelmaking in the acid open-hearth furnace, 
while the other fifteen were on cast iron and 
malleable cast iron. The first of the papers on 
cast iron appeared in the No. IT. Volume of the 
Journal of The Iron and Steel Institute for 1906, 
and was his Carnegie Scholarship Report. Nine 
of these seventeen papers were judged worthy of 
publication in the Journal, evidence of the value 
of his scientific work. 

In 1916 he was appointed Director of the Brown- 
Firth Research Laboratories in Sheffield, succeed- 
ing Mr. Harry Brearley, the discoverer of the 
cutlery type of stainless steel. This proved to 
be an ideal appointment; Hatfield found full 
scope for all his interest and activities and con- 
tinued as Director until his death in October 
1943. He further developed the laboratories 
and described them in 1928 as “a number of 
laboratories, chemical, physical, mechanical, cor- 
rosion, metallographic, pyrometric, heat-treat- 
ment, &c., each section having at its head a man 
particularly specializing upon his subject. Of 
the utmost importance is the free exchange of 
knowledge and ideas between the several sections 
since, although specialization is necessary, the 
general bearing of any work undertaken must 
never be lost to sight.” 

This ‘“‘ free exchange of knowledge and ideas ” 
was characteristic of him, and with the full support 
of the Brown-Firth management he widened his 
activities in later years, and was one of the moving 
spirits in free exchange of metallurgical know- 
ledge and advancement throughout Great Britain. 

The two companies served by his research 
laboratories were merged in 1930 to form Messrs. 
Thos. Firth and John Brown, Ltd.,? and he 
later became a member of the Board of Directors. 
He was also a Director of one of the associated 
companies, Firth-Vickers Stainless Steels, Ltd., 
and maintained very close contact with the other 
subsidiaries, and with the associated American 
Company, the Firth-Sterling Steel Co. of Pitts- 
burgh, Pa. 

During the period 1916 to early in 1944 he 
published no less than 123 more papers. A 
brief digest of the subjects gives an indication 


THE SERVICES TO METALLURGY OF 


of the work being done, and of the results he felt 
would be of value to others. Some deal with 
actual manufacture, such as one on steel castings 
and another on the manufacture and testing of 
steel forgings. Many of them deal with the 
application of the steels and special products 
made by Firth Brown’s, such as: Automobile 
steels; steels for marine engineering; turbine 
steels; steels used in aero work; cutlery steels; 
double reduction gears for turbines; modern 
developments in special steels; stainless steels; 
rust-, acid-, and heat-resisting steels; steels for 
structural purposes; metals and alloys of the 
future (written in 1931); uses of nitride-hardened 
steels; drill steels for mining purposes; fabrica- 
tion of articles from stainless steels; heavy 
forgings; steels for aircraft; heat-resisting steels. 

Others of the papers deal particularly with 
the properties or peculiarities of such steels, for 
instance: Season cracking; mechanism of failure 
of metals under internal stress; permanence of 
dimensions under stress at elevated temperatures ; 
the intercrystalline corrosion problem as ob- 
served in certain chromium-nickel corrosion- 
resisting steels; creep as occurring in steels under 
service conditions ; non-metallic inclusions in steels ; 
the damping capacity of engineering materials. 

In 1928, Hatfield made one of his frequent 
visits to the United States, and at Philadelphia, 
in October, delivered the Campbell Memorial 
Lecture at the Tenth Annual Convention of the 
American Society for Steel Treating (now the 
American Society for Metals). His subject was 
‘“‘ The Application of Science to the Steel Industry.” 
It was amplified and published by the Society 
as a book? of 154 pages. It was sold at a reduced 
price and had wide distribution. Because of this, 
and the clear presentation of the various subjects, 
it had considerable influence on metallurgical 
thought and education in the United States. 
connection with this lecture, Mr. William H. 
Eisenman, Secretary of the American Society 


for Metals, and its guiding spirit since its formation | 


has asked me to present the following letter : 


It is given but to few men to make the 
contribution to metallurgy that was the share 
of Dr. Hatfield. 

He was one of the early members of the 
American Society for Metals and made his 
interest in its success a definite responsibility. 
He readily responded to the invitation to deliver 
the Edward De Mille Campbell Memorial 
Lecture in 1928. The masterful presentation 
of his interesting subject remained for years 
an inspiration to the American metallurgical 
profession. 

We, in America, shall always cherish the 


profound contributions and pleasant memory 


of Dr. Hatfield. 


ihre 


THE LATE DR. W. H. HATFIELD, F.R.S. 


Before leaving this subject may I point out 
that a careful reading of this book is very valuable, 
even to-day, almost twenty years after its pre- 
sentation. Also, it gives a clear idea of Hatfield’s 
views on the metallurgy of iron and steel, and his 
approach to its problems, together with the wide 
scope of his thinking and activities. 

Beginning with 1929 an increasing number of 
his papers dealt with steel ingots, with corrosion, 
and with research as regards alloy steels. These 
were essentially reports on the work of important 
Committees in which Hatfield was interested. 

Mention must be made of these Committees, 
because no discussion of Hatfield’s work or its 
influence on metallurgy would be complete 
without regard to them and the important results 
obtained. For complete detail reference must 
be made to Special Report No. 29 of The Iron 
and Steel Institutet a book of 175 pages, pub- 
lished in 1943. It was originally prepared by 
Hatfield, and various members who worked on 
individual sections, and was revised by Mr. K. 
Headlam-Morley, Secretary of the Institute. 

There are four main committees: The Com- 
mittee on the Heterogeneity of Steel Ingots, 
formed in 1924 as an offshoot of a previous 
committee started in 1917; the Corrosion Com- 
mittee, formed in 1928; the Alloy Steels Research 
Committee, formed in 1934; and the Steel 
Castings Research Committee, formed in 1934. 
The account of the formation and close relation- 
ship of these Committees given in the Report 
is of great interest, but we are concerned chiefly 
with the manifold activities of Hatfield in this 
respect. He was Chairman from the beginning 
of the first three, namely, those on ingots, cor- 
rosion, and alloy steels, and of important Sub- 
Committees such as those on non-metallic in- 
clusions, on hair-line cracks and on special aero 
components. In addition he was a member of the 
Committee on Steel Castings and of many other 
sub-committees. These Chairmanships he held 
until his death, and he considered this work of 
the greatest importance. 

The results obtained by the efforts of the 170 
or more members of these various Committees 
and Sub-Committees will be gone into later, but 
at this time it can be said that they have proved 
to be of enormous value to steel men throughout 
the world, and everyone concerned deserves the 
commendation and gratitude of the entire industry. 

The mention previously made of Hatfield’s 
published papers, namely, 140, should be increased 
to include the Reports of the three main Commit- 
tees of which he was Chairman. For instance 
nine Reports have appeared on the work on steel 
ingots, many of them books in themselves, such 
as the Eighth Report in 1939 of 322 pages. The 
Corrosion Committee has issued five Reports, the 
last one being of 448 pages, and the Alloy Steels 
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Committee has issued two, the last one of 390 
pages. All of these were carefully edited by him 
and must have required a vast amount of time 
and effort. 

This may not be the place to speak of his 
activities during the war, and yet no picture of 
his life would be complete without this being 
done. Late in August 1938, I spent a little time 
with him in Sheffield. He seemed to feel then 
that war was inevitable and that the steel men 
would have to organize and engage in still closer 
co-operative work to meet the problems that would 
come up. Needless to say he did his full share 
from the beginning in the great task laid on 
technical men during the war. May I quote a 
short paragraph from the excellent obituary 
published by The Iron and Steel Institute in 
1943.6 


A full account of Dr. Hatfield’s war-time 
activities cannot be given at the present time, 
but it can be said that he was largely responsible 
for convincing the authorities that, in spite of 
the concentration of effort on increased iron 
and steel production, it was necessary for 
research work to continue. He served on 
several committees set up to deal with problems 
connected with the war, a very important one 
being the Technical Advisory Committee on 
Special and Alloy Steels, of which he was 
Chairman. Together with a group of well- 
informed metallurgists and representatives of 
Service Departments, this committee under- 
took a revision and rationalization of the 
innumerable specifications for special and alloy 
steels, which resulted in the issue of the “ En ” 
series of specifications, reducing the number 
from 3000 to 83. In addition, he was Chairman 
of a series of Technical Committees on Armour, 
of the Technical Committee advising the 
Tron and Steel Control, and of a small committee 
responsible for the examination of enemy- 
aircraft and other components. 


In the spring of 1942 I spent a number of weeks 
in Great Britain, making my headquarters at 
London, but also being at the main office of the 
Tron and Steel Control at Ashorne Hill, and also 
at branch offices at Sheffield and Birmingham. 
While at Sheffield I was privileged, under the 
guidance of Major E. W. Senior, to attend a 
meeting of the Technical Committee on Special 
and Alloy Steels, held in the well-known con- 
ference room of the Brown-Firth Research 
Laboratories, and presided over by Dr. Hatfield. 
Later in the day I was given a full set of the 
“Hn” specifications covering special steels, and 
was allowed to read the minutes of many of the 
meetings of the Committee. I can testify as to 
the great importance and value of the work 
done, its efficiency, and the devotion of both the 
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Chairman and the members to the innumerable 
details of their work. 

Another day I attended a similar meeting of the 
Committee on Armour and later, at Ashorne Hill, 
at Sheffield, and at Glasgow, went thoroughly 
into the details of the important work of this 
group. During my stay in England it was 
possible to cover many other phases of the war 
activities of Hatfield and his associates, and to 
spend a good deal of time with him and with 
them. All of his organizing abilities, his fondness 
for research and development work, and his 
liking for co-operative and committee work 
were used to the utmost, with results that were 
of the greatest value to the war effort. 

Again in March 1943, I was able to spend some 
time with him when he was a member of the 
distinguished group of Metallurgists under Mr. 
C. R. Wheeler, who came to consult with us 
regarding mutual problems. Together with 
others of the group he showed very clearly the 
strain of the heavy work he was carrying, inten- 
sified by a rough and hazardous crossing. As you 
all know, soon after his return to England he 
became ill, and passed away in October of that 
same year. 

This very brief review gives an idea of his 
many activities along metallurgical lines, and 
will serve as a background against which to point 
out ie influence on the metallurgy of iron and 
steel. 

In the first place was the work he did on acid 
open-hearth steelmaking. It was a forerunner of 
the development generally called the physical 
chemistry of steelmaking. One of the most 
important parts of this work is the importance 
of slag composition, of temperature, and of the 
interrelation of molten metal and slag. All these 
were clearly indicated in these early papers by 
McWilliam and Hatfield. They clearly showed 
the great importance of thorough deoxidation of 
the steel bath, and pointed out that one agent in 
this important operation was the silicon reduced 
into the steel from the acid slag under certain 
conditions. 

Hatfield seemed always to distrust basic open- 
hearth steel, at least for many of the uses in which 
he became intensely interested as time went on, 
and the main reason seemed to be his belief that 
it could not be thoroughly dedxidized, and that 
the final product would not be as sound or clean 
as well-made acid open-hearth or electric-furnace 
steel. His work created great interest at the 
time and in succeeding years in acid open-hearth 
practice which, though declining in tonnage 
output as years have gone on, is still an important 
method of steelmaking for castings, for armour 
plate, and for special steels. 

His work on cast iron had a marked and im- 
portant influence. It pointed out the part that 
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research can play in this important field of 
metallurgy. His book ® was one of the pioneers 
in what has proven to be a very prolific field of 
literature. When he. commenced his work even 
a chemist was practically unknown in an iron 
foundry. Irons were bought and sold on grade 
and fracture, and fracture was the basis of 
foundry mixtures. 

The metallurgy of cast iron is now fairly well 
understood. We produce cast irons for many 
various purposes, not just as a cheap material to 
use in columns, and engine frames, and in places 
where weight and resistance to compression are 
needed. 

We know that cast iron is a most interesting 
material or series of materials. From one point 
of view it is steel plus graphite. The properties 
of the steel can be varied according to the amount 
of combined carbon it contains, the alloys used, 
and the heat-treatment. The influence of the 
graphite varies according to its amount, its 
distribution, and the size and shape of the graphite 
flakes. In addition there is the important 
group of cast irons with a hard chilled surface 
or outer layer, and an interior consisting of the 
steel-plus-graphite combination. The control of 
many of these various structures and combina- 
tions is now well understood, and we find cast 
iron used for such diverse things as Diesel engine 
crankshafts, piston rings, cylinder blocks and 
liners, water and sewer pipe, rolls, steam and 
hot-water radiators, freight- and mine-car wheels, 
engine and motor bases, and a host of other 
things, such as diverse castings used in auto- 
mobiles, trucks, agricultural machinery, and in 
general industry. 

As a direct consequence of these many applica- 
tions, and the need for uniform quality, every 
well-appointed foundry has a metallurgist and 
a well-equipped laboratory to put into application 
the findings of research, and all these people 
rely on the work of pioneers such as Hatfield. 

Without any question many of the Hatfield 
Memorial Lecturers, as time goes on, will take as 
their subject something connected with cast. iron 
or malleable cast iron, and trace in greater detail 
than I have even attempted, the direct descent 
of their work from that of Hatfield. My own 
copy of his book on cast iron had been loaned to 
a foundry metallurgist some years ago and never 
returned, and I asked one of our prominent 
foundry men to lend me his copy a few weeks ago 
and found that this had happened to him also. 
He confirmed my own opinion that this book 
was one of the corner stones of knowledge on 
which foundry metallurgy is built. 

Beginning in 1916, Hatfield devoted his time 
to expanding the work of the Brown-Firth 
Research Laboratories, and helping to solve the 
problems of Messrs. Thos. Firth and John Brown, 
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Ltd., and their associated companies, in regard 
to steelmaking and particularly steel applications. 
This included especially the field of alloy steels. 
He and his associates, working under his direction, 
had a great influence in the field of the corrosion- 
resistant steels, and there seems to be no question 
that he pointed out the excellence of the steel he 
called “ Staybrite ”’ and which the world calls 
18-8. In many ways it was natural. Brearley 
had discovered the cutlery type of stainless steel 
which owes its qualities to chromium and _ to 
careful heat-treatment. Hatfield succeeded him 
in the Brown-Firth Laboratories and undoubtedly 
took this as a starting point, experimenting with 
additions of chromium, nickel, and other alloying 
elements. Having settled on a composition that 
had a combination of many excellent properties, 
many other problems immediately arose, such as 
the behaviour of this steel when exposed to many 
conditions of temperature, various solutions and 
atmospheres. Also the queer failure of this steel 
under certain conditions which became known as 
intercrystalline corrosion. By means of the 
large number of carefully controlled experiments 
carried out and his well documented publications, 
Hatfield had a great influence on the wide and 
successful application of, not only 18-8, but a 
number of other distinct types of stainless steel, 
and also played a great part in working out the 
remedy for the dangerous failure by intercrystal- 
line corrosion. A typical development was the 
working out of an accelerated test to discover 
whether an 18-8 or other steel would be subject 
to this type of failure, and this also was fully 
described and became very widely used. 

In addition to the corrosion-resistant steels, 
work was carried on with heat- and scale-resisting 
steels, steels to withstand creep at ordinary and 
high temperatures, and with studies on damping 
capacity. Creep tests take a very long time to 
work out, and Hatfield developed an accelerated 
test which has proved to be of value. 

His interest and influence in regard to alloy 
steels and corrosion continued until his death, 
both in the work in his own laboratories, his 
publications, and particularly in his work with 
the Committees on Corrosion and on Alloy steels. 

The important work of the Corrosion Committee 
and its Sub-Committees has been felt everywhere. 
It is somewhat different to the other groups in 
that from the beginning it has employed a special 
staff and has maintained laboratories. It has not 
concerned itself with the stainless and non- 
corrosive steels alone, but has continuously and 
extensively investigated the corrosion of ordinary 
steels, of wrought iron, and of the low-alloy 
steels; also the effects of paints and protective 
coatings, and anti-fouling compounds, and marine 
corrosion and the corrosion of buried metals. 
The theoretical and laboratory studies carried 
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out at Cambridge University under Dr. U. R. 
Evans and his associates are followed with great 
interest and have been of great value. 

The work of the Alloy Steels Research Committee 
is fully supported by the leading alloy-steel 
producers in Great Britain. One Sub-Committee 
devotes itself to the subject of gases in steel, and 
has received international support in the search 
for standard or accepted methods of analysis. 
Another important Sub-Committee is occupied 
with the important subject of hair-line cracks 
in forgings and in steel generally, often referred 
to as snow-flake fractures—their cause and 
particularly their prevention. 

The reports and the papers published by the 
Committee on Alloy Steels have been followed 
with the greatest interest and the earnest members 
may rest assured that their work has been and is of 
great importance. 

There may be a question as to which Committee 
and which main subject has contributed most to 
metallurgical knowledge in the iron and steel field. 
All have been most helpful. My own preference 
is the work on steel ingots, the Committee being 
known by the title “The Committee on the 
Heterogeneity of Steel Ingots.” Perhaps this is 
because I have had to devote many years to some 
of the subjects covered. For instance some years 
ago I spent much effort and time on the prepara- 
tion of standard analytical samples, which work is 
now carried on by the National Bureau of 
Standards at Washington. Then, like all steel 
men, I have had to study the structure and 
soundness and uniformity of ingots, and have 
sectioned and examined a great many different 
kinds of ingots. Then, further, for many years 
I was engaged in the manufacture of ingot moulds 
and had to follow the influence of composition 
of metal, of methods of production and of design 
on their life, and their effect on the steel ingots 
produced. 

Apparently the work of this group, the oldest of 
the Committees, grew out of the preparation of 
standard samples for use in chemical analysis, 
with which work Hatfield was associated. It soon 


became evident that to obtain uniform samples 


was a most difficult task because of the non- 
uniformity of steel ingots. The Committee was 
formed at the suggestion of a former Bessemer 
Medallist, Mr. E. H. Saniter. Many years ago I 
remember Saniter telling me of one of his ex- 
periences. He was engaged in the manufacture 
of seamless steel tubes and, knowing the excellence 
of certain Swedish products, obtained a number 
of ingots from the particular Swedish plant in 
question. These he cut up and sectioned in 
various ways, examined them thoroughly by 
analysis, by etching in acid and other ways, and 
then worked out his steelmaking practice to 
reproduce those particular ingots as closely as 
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possible, with the final result that seamless tubes 
made from those ingots met every test and were 
successful. With such a_ background I can 
imagine how much in earnest Saniter was in 
proposing that a thorough study be made of the 
influence of ingot moulds and other causes on the 
uniformity or heterogeneity of steel ingots. 
Hatfield was unanimously chosen as Chairman 
in May 1924, and continued as Chairman until 
his death. 

The results of the work of this committee have 
been followed with the closest interest by steel- 
makers everywhere. In 1939 Hatfield described 4 
the work as follows: ‘‘ Work was begun on killed 
carbon-steel ingots, but it was soon extended to 
include other carbon-steel ingots, namely, those 
of balanced and rimming steel, as well as ingots 
of alloy steels. At an early date it was found 
necessary to give consideration also to ingot 
moulds, and to pyrometry, to the determination 
and effect of oxygen and other gases, and to 
analytical methods. 

A number of special investigations were 
authorized, including mathematical studies and 
numerous theoretical enquiries into the mechanism 
of freezing.” Also, in another place, ‘“ The 
Ingots Committee is concerned primarily with 
the study of steel ingots and with the occurrence 
and causes of segregation and of non-metallic 
inclusions.” 

Six Sub-Committees have been set up on the 
following subjects: Ingot Moulds, Physical 
Chemistry of Steel Making, Liquid-Steel Tem- 
peratures, Gases in Steel, Inclusions in Steel, and 
Standard Methods of Analysis. 

The work of the Committee has therefore 
covered an enormous field. Almost 100 ingots 
have now been cut up and examined, ranging 
in weight from about 4 ton to over 170 tons. 
All kinds of ingots were included—top-poured 
and bottom-poured, in wide-end-up moulds, and 
ordinary moulds, with hot tops and without, 
fluted moulds, and smooth moulds, from all kinds 
of steelmaking methods, and all kinds of steel, 
including killed steel, rimming steel, forging steels, 
and free-machining steels. In practically every 
case the steelmaking practice was carefully 
observed. Some ingots were poured fast, some 
ne some from hot steel, some on the cold 
side. 

As a result, a body of knowledge has been built 
up that is enormous and of the greatest value, 
and fully described in splendid reports. In 
addition this work has inspired similar studies 
by individual workers in separate steel plants, 
or theoretical studies in laboratories or universi- 
ties, so that our knowledge of this most important 
part of steelmaking practice has been tremendously 
advanced. 

There is a great temptation to go into detail 


THE SERVICES TO METALLURGY OF 


on the work of these three main Committees and 
Sub-Committees, but that temptation must be 
resisted. Suffice it to say that under the inspiring 
leadership of the various Chairmen, among whom 
Dr. Hatfield, and his enthusiastic fellow worker 
Dr. T. Swinden, must be singled out for special 
mention, the work never flagged from the be- 
ginning, but reached new heights of achievement 
with the passing of time; and was put on such 
a firm and secure basis that the death of these 
two great workers, and others, and even the great 
war, could not interfere with success and continued 
progress. 

As requested by the Lecture Committee, the 
preceding pages have endeavoured to indicate 
the activities and influence of Dr. Hatfield along 
metallurgical lines. It will be noticed that, at the 
beginning, these were in connection with acid 
open-hearth steelmaking and with foundry metal- 
lurgy and practice. Then, at about the age of 
35, the emphasis began to be placed on high- 
grade and alloy steels, both their manufacture 
and particularly their properties and applications. 
His interests at first were restricted to a few 
plants, then gradually spread to others, until 
towards the end not only Great Britain came 
within his scope, but in many cases the interests 
of the world. 

Thus in having traced these activities, I feel I 
have covered, in a brief manner, the suggestion 
of the Lecture Committee, and for the few 
minutes remaining would like to depart a little 
from this viewpoint. His life and_ activities 
constitute a book with many well-filled pages. 
Like all engineer’s books, there are many diagrams 
and charts and illustrations, together with care- 
fully written paragraphs and conclusions. The 
leaves have to be turned carefully and the pages 
studied in order to learn all the lessons. 

Ever since the first cable arrived from London 
a few weeks ago I have been thinking of Hatfield, 
a man whose career I have been in touch with 
for about forty years, and whose life I have 
followed with much interest. The question 
immediately arises: What made him act as he 
did, what were his “springs of action,” as 
Shakespeare says ? 

It is impossible to answer this fully, but I 
would like to make the attempt. During his 
formative years, like all of us, he was developing, 
consciously or not, a philosophy of life. During 
this period the motives for his actions were being 
formed. As time went on we see these motives 
and this philosophy in action. As with all good 
workmen, they consisted partly in the love of 
a task or a job well done. I am sure he delighted 
in the conception of a piece of research, in care- 
fully planning the approach to the question, the 
line of attack, the experiments to be carried out. 
Then, as the answer became evident, in describing 
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these experiments and the results so that others 
could share in the work, and be helped and 
encouraged in regard to their own problems. At 
first he thought principally of the problems of 
his own plants, and the customers and users of 
the products of those plants. Then as time went 
on the opportunities available to him, particularly 
the Research Committees, made it possible to 
consider the problems of others. To these 
problems he brought the use of all the tools God 
had given him, the love of study, idealism, a 
marvellous memory, the ability to work with and 
influence other men. All of these tools he kept 
bright and keen, and with continued use they 
became ever more effective. 

I feel sure that among his ruling motives was 
a just and proper ambition to succeed in whatever 
task he undertook, a love for rewards for work 
well done, such as his well-deserved Degree from 
his University, his Fellowship in the Royal 
Society, his award of the Bessemer Medal; and 
without any doubt I know one of his strongest 
motives was to carry out as far as he could the 
teachings of the Golden Rule, which is as needed in 
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And so we see Hatfield developing as the years 
went on so that when his great task presented 
itself he wasready. His interests and his influence 
covered his beloved country. No change of 
attitude or of motive was needed. Hach demand 
found him ready and when his appointed time 
arrived he never flinched, but went to his grave, 
and to his reward, as any of the brave heroes 
of old. 
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Tue First Hatfield Memorial Lecture was delivered at The Institution of Civil Engineers, Great George 
Street, London, by Dr. George B. Waterhouse, Professor Emeritus of the Massachusetts Institute of 
Technology, on Wednesday, May 1, 1946, at 8.30 p.m. Dr. C. H. Desch, F.R.S., President of The 
Iron and Steel Institute, occupied the Chair. 


The Hatfield Memorial Lectures. 


Under a Deed dated 22nd August, 1944, the University of Sheffield agreed to be the Trustees of 
the fund which had been subscribed “‘ for the purpose of establishing a lecture on the subject of Metal- 
lurgy, or some other subject connected therewith, as a Memorial to the late Doctor William Herbert 
Hatfield, Fellow of the Royal Society, and as a mark of appreciation of his distinguished work in 
connection with research into the qualities and uses of metals and allied branches of science.” The 
lectures are to be known as the “‘ Hatfield Memorial Lectures.” 

The lecturer is appointed by Sheffield University on the recommendation of a Lecture Com- 
mittee, consisting of representatives of the University, the Royal Society, and The Iron and Steel 
Institute. At the discretion of the University the lectures may be published by The Iron and Steel 
Institute or by other publishers. 


The late Dr. W. H. Hatfield, F.R.S. 
(Born 1882; died 17th October, 1943) 


Witt1am Herspert Hatrietp studied Metallurgy at University College, now the University, 
Sheffield, under Professor J. O. Arnold; in 1902 won the Mappin Medal, received a grant from the 
Andrew Carnegie Research Fund to study carbon in cast iron, and presented, with Professor A. McWilliam, 
his first paper to The Iron and Steel Institute on the “ Elimination of Silicon in the Acid Open-Hearth 
Furnace ”; in 1913 obtained the degree of D.Met. of Sheffield. Author of numerous technical papers 
on many branches of metallurgy, particularly rust-, acid- and heat-resisting steels and of “ Cast Iron 
in the Light of Recent Research ”’ (1912). 

Industrial experience with Sir Henry Bessemer & Co., Ltd., and Messrs. J Crowley & Co.; in 
1916 appointed Director of the Brown-Firth Research Laboratories, later also joining the Boards of 
Messrs. Thos. Firth and John Brown, Ltd., and its subsidiaries. 
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Chairman of the Heterogeniety of Steel Ingots, Corrosion, and Alloy Steels Research Committees 
of The Iron and Steel Institute, the Programme and Finance Committee of the Iron and Steel Industrial 
Research Council, the Technical Advisory Committee on Special and Alloy Steels, &c., to the Iron and 
Steel Control; Member of a Metallurgical Mission to America in 1942. 

Associated with many technical societies; a Founder and first President of the Sheffield Metal- 
lurgical Association, President of the Sheffield Society of Engineers and Metallurgists; Member of 
Council of Sheffield University, Fellow of the Chemical Society, Institute of Physics, Institution of 
Chemical Engineers; Member of the Institution of Mechanical Engineers; in 1935 elected a Fellow 
of the Royal Society. 

In 1928, delivered the Campbell Memorial Lecture of the American Society for Metals, and in 
1938 gave the Tenth Gluckstein Memorial Lecture to the Royal Institute of Chemistry in London; 
awarded the Compton Medal of the Institution of Automobile Engineers. 

Member of The Iron and Steel Institute in 1903, Member of Council in 1927, Bessemer Medallist 
1933, Vice-President in 1934. 


Dr. George B. Waterhouse. 


GEORGE BookER WATERHOUSE was born in Sheffield in 1883; B.Met. at the University in 1901. 
After post-graduate studies went in 1903 to U.S.A.; studied under Professors H. M. Howe and Bradley 
Stoughton at Columbia University where he gained his Ph.D. degree in 1907; D.Met. of Sheffield 
University in 1937. 

Naturalized an American in 1910; served with the Lackawanna Steel Co. as metallurgical 
and inspecting engineer; 1933 appointed Professor of Metallurgy at Massachusetts Institute of 
Technology, Cambridge, Mass.; Professor Emeritus in December, 1945. 

In 1934, 1936, and 1937 was Chairman of the Board of Belmont (Mass.) School Committee. War 
service included Staff Consultant to the Office of Production Management (June, 1941, to December, 
1942), Steel Division of the War Production Board (December, 1941, to August, 1942), Office of Lend- 
Lease Administration (August, 1942, to December, 1944) and Foreign Economics Administration 
(December, 1944, to May, 1945). ; 

Was or is a Member of the Research Advisory Board of the Westinghouse Electric and Manu- 
facturing Co., a Director of the Belmont Trust Co., Consulting Engineer to the U.S. Bureau of Mines, 
Chairman of the Metallurgy Advisory Commission of the U.S. Bureau of Standards, and Chairman of 
the Alloys of Iron Research of the Engineering Foundation. 

Is a Member of the American Iron and Steel Institute, American Institute of Mining and Metal- 
lurgical Engineers (Chairman of the Iron and Steel Division in 1929, and a Director from 1933 to 1939), 
the American Society for Testing Materials, the American Society for Metals (Trustee since 1934 and 
President in 1937-38) and the American Foundrymen’s Association; The Iron and Steel Institute, The 
Institute of Metals and the Cleveland Institution of Engineers; author of numerous scientific papers. 
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The World’s Supplies of Iron. R. Durrer. 
(Schweizer Archiv, 1945, vol. 11, Aug., pp. 237-238). 
The distribution of iron ores throughout the world 
is briefly reviewed. At the present time the world 
production of iron is about 130 x 10° tons from about 
twice that quantity of ore. It can be said that the 
iron-bearing minerals of the world which are to-day 
regarded as ores are probably sufficient to last several 
hundred years and that the quantity of iron in the 
earth’s crust is practically unlimited. 

Manganese in Industry. L. L. Fermor. (William 
Menelaus Memorial Lecture: Proceedings of the 
South Wales Institute of Engineers, 1945, vol. 61, 
Nov., pp. 28-46). The world’s manganese ore re- 
sources and their application are discussed under the 
headings: Mineralogy, Geology, Mining, Metallurgy, 
and Utilization. 

Tin and Tungsten Deposits at Silver Hill, Spokane 
County, Washington. L. R. Page. (United States 
Geological Survey, 1942, Bulletin 931-H). 

Tungsten Deposits of the Nightingale District, 
Pershing County, Nevada. W. C. Smith and P. W. 
Guild. (United States Department of the Interior, 
Geological Survey, 1942, Bulletin 936-B). 

The Rose Creek Tungsten Mine, Pershing County, 
Nevada. R. J. Roberts. (United States Geological 
Survey, 1943, Bulletin 940-A). 

Tungsten Deposits in the Boriana District and the 
Aquarius Range, Mohave County, Arizona. S. W. 
Hobbs. (United States Geological Survey, 1944, 
Bulletin 940-1). 

Tungsten Deposits, Isla de Pinos, Cuba. L. R. Page 
and J. F. McAllister. (United States Geological Sur- 
vey, 1944, Bulletin 935-D). 

Tin Deposits of the Republic of Mexico. W. F. 
Foshag and C. Fries, jun. (United States Geological 
Survey, 1942, Bulletin 935-C). 

Tin Deposits of Irish Creek, Virginia. A. H. 
Koschmann, J. J. Glass, and J. 8. Vhay. (United 
States Geological Survey, 1942, Bulletin 936-K). 

Vanadium Deposits of Colorado and Utah. R. P. 
Fischer. (United States Geological Survey, 1942, 
Bulletin 936-P). 

Manganese Resources of the Olympic Peninsula, 
Washington. C. F. Park, jun. (United States 
Geological Survey, 1942, Bulletin 931-R). 

Manganese Deposits in the Paymaster Mining Dis- 
trict, Imperial County, California. J. B. Hadley. 
(United States Geological Survey, 1942, Bulletin 
931-8). 

Manganese Deposits of Cuba. C. F. Park, jun. 
(United States Geological Survey, 1942, Bulletin 
935-B). 

Manganese Deposits of Cedar Creek Valley, Frederick 
and Shenandoah Counties, Virginia. W. H. Monroe. 
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(United States Geological. Survey, 1942, Bulletin 
936-E). 

The Three Kids Manganese District, Clark County, 
Nevada. C. B. Hunt, V. E. McKelvey, and J. H. 
Wiese. (United States Geological Survey, 1942, 
Bulletin 936-L). 

Manganese Deposits of the Elkton Area, Virginia. 
P. B. King. (United States Geological Survey, 1943, 
Bulletin 940-B). 

Occurrence of Manganese in Eastern Aroostook 
County, Maine. W.S. White. (United States Geo- 
logical Survey, 1943, Bulletin 940-E). 

Manganese Deposits of the lLyndhurst-Vesuvius 
District, Augusta and Rockbridge Counties, Virginia. 
M. M. Knechtel. (United States Geological Survey, 
Bulletin 940-F). 

Manganese Deposits in Part of the Sierra Maestra, 
Cuba. C. F. Park, jun., and M. W. Cox. (United 
States Geological Survey, 1944, Bulletin 935-F). 

Geology and Manganese Deposits of Guisa—Los 
Negros Area, Oriente Province, Cuba. W. P. Wood- 
ring and 8. N. Daviess. (United States Geological 
Survey, 1944, Bulletin 935-G). 

Manganese Deposits in Costa Rica. R. J. Roberts. 
(United States Geological Survey, 1944, Bulletin 
935-H). 

Manganese Deposits in the Artillery Mountains 
Region, Mohave County, Arizona. S. G. Lasky and 
B. N. Webber. (United States Geological Survey, 
1944, Bulletin 936-R). 

Manganese Deposits of the Sweet Springs District, 
West Virginia and Virginia. H. 8. Ladd. (United 
States Geological Survey, 1944, Bulletin 940-G). 

Manganese Deposits of the Flat Top and Round 
Mountain Districts, Bland and Giles Counties, Vir- 
ginia. H.S. Ladd and F. W. Stead. (United States 
Geological Survey, 1944, Bulletin 940-H). 

Cobalt-Bearing Manganese Deposits of Alabama, 
Georgia and Tennessee. W. G. Pierce. (United 
States Geological Survey, 1944, Bulletin 940-J). 

Vanadium-Bearing Magnetite-Ilmenite Deposits near 
Lake Sanford, Essex County, New York. J. R. 
Balsley, jun. (United States Geological Survey, 1943, 
Bulletin 940-D). 

Chrome Resources of Cuba. T.P.Thayer. (United 
States Geological Survey, 1942, Bulletin 935-A). 

Chromite and Quicksilver Deposits of the Del 
Puerto Area, Stanislaus County, California. H. HK. ~ 
Hawkes, jun., F. G. Wells, and D. P. Wheeler, jun. 
(United States Geological Survey, 1942, Bulletin 
936-D). 

Chromite Deposits near San Luis Obispo, San Luis 
Obispo County, California. C. T. Smith and A. B. 
Griggs. (United States Geological Survey, 1944, 
Bulletin 945-B). 
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The Evaluation of Commerical Fuel Gases on the 
Basis of Their Combustion Properties. H. Schwied- 
essen. (Archiv fiir das Eisenhtittenwesen, 1942, 
vol. 16, Nov., pp. 167-172). Methods of calculating 
and comparing efficiency factors for coke-oven gas, 
producer gas, and blast-furnace gas are explained and 
discussed with practical examples of their application. 

The Theoretical Heat Consumption of the Industrial 
Furnace in Relation to the Load and the Throughput. 
H. Schwiedessen. (Archiv fiir das EKisenhiittenwesen, 
1944, vol. 18, Sept.-Oct., pp. 43-46). The factors 
affecting the heat consumption of industrial furnaces 
are discussed, and methods of determining the 
theoretical and actual consumptions are described 
with examples. 

Consumption of Fuel in Iron- and Steelmaking. 
J. Durand. (Revue de Métallurgie, Mémoires, 1942, 
vol. 39, Oct., pp. 289-294). Data are presented and 
discussed on the consumption of fuel in the produc- 
tion of pig-iron, open-hearth and electric-furnace 
steels, and in forging and rolling. In conclusion it is 
stated that the main points to consider while aiming 
at the best possible utilization and economy of fuel 
are: (1) The continuation of heating operations 
without unnecessary interruptions, and (2) the choice 
of a proper furnace, equipped with adequate metering 
and controlling apparatus. 

Treatment of Fines in Coal-Washing. W. Green. 
(Year-Book of the Coke Oven Managers’ Association, 
1945, pp. 71-76). The coal-washing system adopted 
by Manvers Main Colleries, Ltd., is described with 
special reference to the treatment of the fines. The 
fines are drawn from the conical tank of the Baum 
washer and treated in two stages, the first being a 
thickening process, whilst the second consists of 
treatment on a drum filter. 

The Modern Preparation of Coal. R. Maxwell. 
(Year-Book of the Coke Oven Managers’ Association, 
1945, pp. 81-97). The de Vooys and Tromp methods 
of coal-washing and experience gained in the Tromp 


process for the density washing of coal above } in. 


and in the treatment of dedusted fine coal below + in. 
by the Rheolaveur process are described. 

Some Trends in Coke-Oven Design. D. T. Barritt 
and R. J. Barritt. (Year-Book of the Coke Oven 
Managers’ Association, 1945, pp. 109-123). New 
designs and ideas relating to the probable lines of 
post-war development in coke-oven plant are pre- 
sented and discussed. 

The Reactions of an Engineer to Modern Coke- 
Oven Practice. G. G. Owen. (Year-Book of the 
Coke Oven Managers’ Association, 1945, pp. 174- 
197). A detailed survey is made of the more im- 
portant forms of failure and repair work carried out 
at the Billingham coke-oven plant and at other 
batteries. The probable causes of failure are out- 
lined and suggestions are made for improvements in 
design that will minimize or eliminate them. 

The Preparation of Coke-Oven Gas for the District. 
W. S. Matthews. (Year-Book of the Coke Oven 
Managers’ Association, 1945, pp. 214-222). It is 
expected that the number of coke-oven plants under- 
taking the purification of the surplus gas supplied 
for towns’ use will materially increase ; details are 
therefore given of experiences in supplying gas to 
specification. 

Differences between By-Product Recovery Plant 
and Practice at Coke Oven Works and Gas Works. 
R. J. 8. Thompson. (Year-Book of the Coke Oven 
Managers’ Association, 1945, pp. 223-239). 

Organisation and a Costing System for Coke Oven 
Plants. T. R. Harrop. (Year-Book of the Coke 
Oven Managers’ Association, 1945, pp. 164-171). 

Modern Metallurgical Gas Producers. I. Reddet. 
(Revue de Métallurgie, Mémoires, 1942, vol. 39, May, 
pp. 129-140). Details are given of a modern gas 
producer with water-jacket and gas-cleaning equip- 
ment. The utilization of peat and lignite for gas 
producers, and the inspection and tests of a gas- 
producer installation are also discussed. 
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Sulphur in Pig Iron. M. Grison. (Revue de 
Métallurgie, Mémoires, 1942, vol. 39, Jan., pp. 1-11). 
After a brief description of various methods of de- 
_ sulphurizing pig-iron, the results are discussed of 
observations made during fourteen months in the 
‘ironworks at Longwy, where sodium carbonate was 
used for this purpose. The conclusions drawn are : 
(1) For pig-irons of the same sulphur content, the 
desulphurization with sodium carbonate seems to be 
more efficient in the blast-furnace than in the mixer ; 
(2) the drop in the temperature of the molten iron 
caused by the sodium carbonate is insignificant, and 
has no ill effect ; (3) a mixture of sodium carbonate, 
fluorspar and limestone forms a more active desul- 
phurizing agent than the carbonate by itself; and 
(4) attention should be paid to the effect which the 


iron and slag with a higher silicon content have on 
the blast-furnace lining. 

The Equilibrium Between Iron and Hydrogen 
Sulphide. E. Maurer, G. Hammer, and H. Mobius. 
(Archiv fiir das Hisenhiittenwesen, 1942, vol. 16, 
Nov., pp. 159-165). The equilibrium of the reaction 
Fe + H,S == FeS + H, was studied by experiments 
in which mixtures of different proportions of iron- 
sulphide powder and pure iron were heated to tem- 
peratures in the 860-1530° C. range and hydrogen 
was passed over them. It was found necessary to 
have at least 95% of hydrogen in the initial gas in 
order to keep the decomposition of the hydrogen 
sulphide below 10%. Curves for the equilibrium 
constants at different temperatures in the above 
range are, after a slight initial rise, horizontal between 
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6% and 26% sulphur; from 26% to 36% sulphur 
the curves rise steeply. During the initial rise up to 
4% sulphur the law of mass action applied, but not 
at higher proportions of sulphur. The experimental 
results are compared with those of J. Chipman and 
Ta Li (see Journ. I. and §.I., 1937, No. I., p. 14.4). 

The Compressive Strength and Specific Gravity of 
Light Concrete Made from Foamed Slag. F. Keil and 
F. Gille. (Archiv fiir das Eisenhiittenwesen, 1942, 
vol. 16, Nov., pp. 153-157). Data on the specific 
gravity and mechanical properties of concrete made 
from mixes of foamed slag and sand are presented 
and discussed. 

The Knowledge of Slags—Basis of Metallurgy. 
F. Korber and W. Oelsen. (Revue de Métallurgie, 
Mémoires, 1942, vol. 39, July, pp. 211-217). An 
abridged French translation is given of a report 
published in Stahl und Eisen, 1940, vol. 60, Oct. 
17, pp. 921-929, and Oct. 24, pp. 948-955, dealing 
with the investigation of slags on the basis of equili- 
brium diagrams. (See Journ. I. and §.I., 1942, No. I., 
p- 74; and Translation Series, No. 74). 

Reduction of Iron Ore in Clay and Steel Containers 
(Saggers). J. P. Walker. (United States Bureau of 
Mines, 1945, Sept., Report of Investigation No. 3819). 
Tests to determine the metallurgical factors involved 
in making sponge iron from ‘“‘ ceramic hematite ”’ in 
clay crucibles (called “saggers’’) are described. Two 
types of coke breeze and two bituminous coals were 
used as reducing agents and two types of lime and 


FOUNDRY 


A New Method of Investigating the Behaviour of 
Charge Material in an Iron Foundry and Some Results 
Obtained. N. E. Rambush and G. B. Taylor. (In- 
stitute of British Foundrymen: Foundry Trade 
Journal, 1945, vol. 77, Nov. 8, pp. 197-204, 212; 
Nov. 15, pp. 229-235). See Journ. I. and 8.I., 1945, 
No. II., p. 79 4. 

Production of Whiteheart Malleable Iron by An- 
nealing in Partially Burnt Town’s Gas. I. Jenkins 
andS. V. Williams. (Institute of British Foundrymen : 
Foundry Trade Journal, 1945, vol. 77, Oct. 4, pp. 
91-99 ; Oct. 11, pp. 113-116). See Journ. I. and S.1., 
1945, No. II., p. 80 a. 

The Gating and Feeding of Steel Castings. 8S. T. 
Jazwinski, EK. D. Wells, and S. L. Finch. (Institute 
of British Foundrymen: Foundry Trade Journal, 
1945, vol. 77, Nov. 15, pp. 221-228; Nov. 22, pp. 
245-252; Nov. 29, pp. 277-280). See Journ. J. and 
S.I., 1945, No. IT., p. 81 a. 

Study and Practical Application of a Special Electric- 
- Furnace Nickel-Manganese-Molybdenum Steel for 

Castings. J. Cournot. (Revue de Métallurgie, 
‘Mémoires, 1942, vol. 39, Feb., pp. 61-64). The 
nickel-chromium-molybdenum steel of a composition 
corresponding approximately to that of British 
Standard Steel En 27 (B.8.970, 1942) with a com- 
paratively high nickel content, prescribed by the 
French specification for making castings 2 m. long 
of irregular shape, the thickness varying between 8 
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three of limestone were used as desulphurizing agents. 
At 1750° F. the reducing time was about twice that 
required at 1950° F. The cooling down of the sponge 
iron to the temperature at which it ceases to oxidize 
should be as rapid as possible. When the ore and 
the reducing agent were well mixed the time for 
reduction was about half that needed when the 
materials were charged in layers. Limestone was a 
more effective desulphurizing agent than hydrated 
lime or quicklime. 

Production of Sponge Iron in a Shale-Brick Plant. 
D. W. Ross. (United States Bureau of Mines, 1945, 
Sept., Report of Investigations, No. 3822). Sponge 
iron in shaped masses similar to the two types made 
at a ceramic plant in Sweden can be produced with 
carbon as the reducing agent in an ordinary shale- 
brick plant. American magnetites, hematites, limon- 
ites and mill-scale can readily be reduced to sponge 
iron in “ saggers”’ (see preceding abstract) in tunnel 
kilns built to operate at up to 1150°C. The tests from 
which these conclusions were reached are described. 

Processing Techniques Affect Design of Powder- 
Metal Parts. P. Schwarzkopf and A. Reis. (Machin- 
ist, 1945, vol. 89, Dec. 1, pp. 1184-1187). The 
design of dies and punches for producing parts with 
difficult contours by the powder-metallurgy process 
is discussed and, as examples, the tools used for 
pressing a coupling ring with six radial slots, a pole 
piece for a magnet, and a roller-chain sprocket are 
described. : 
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and 10 mm., weighing about 750 kg., with a tensile 
strength of at least 70 kg./sq. mm. and 11% elonga- 
tion, is replaced by a nickel-manganese-molybdenum 
steel produced in the electric furnace. The electric- 
furnace melting and refining, the pouring of the casting 
and the heat-treatment procedure are described in 
detail. 

Steel Castings Replace Forgings. E. B. Bromhead 
and T. E. Piper. (Iron Age, 1945, vol. 156, Nov. 1, 
pp. 50-51). The standard of quality and the methods 
of inspecting steel castings for aircraft which have 
been set up by Northrop Aircraft Incorporated are 
outlined. 

British Resources of Steel Moulding Sands.—Parts 
6to10. W. Davies and W. J. Rees. (Journal of the 
Iron and Steel Institute, 1945, No. II., pp. 71 p-116 P). 
This is a continuation of the report on the occurrence 
and properties of the grits and sandstones accessible 
to steelmaking districts, submitted by the Moulding 
Materials Sub-Committee of the Steel Castings Re- 
search Committee. Parts 1 to 5 were published in 
Journ. I. and §.J., 1943, No. II., pp. 11 p-lll pe. The 
districts dealt with in the present paper are : Part 6.— 
The sand deposits associated with the Lincolnshire 
Wolds. Part 7.—The quarzitic grits and sandstones 
of Nidderdale and Wharfedale. Part 8.—The quar- 
zitic sandstones in the Cefn-y-Fedw series of North 
Wales. Part 9.—The rotten-rock moulding sands of 
Durham and South Northumberland. Part 10.—The 
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rotten-rock moulding sands of the Midland Valley of 
Scotland. 

Methods of Testing Prepared Foundry Sands. 
(Institute of British Foundrymen, Nov., 1945, 
Pamphlet). A Joint Committee consisting of repre- 
sentatives of four interested organizations was formed 
in 1938 to prepare standard methods of testing 
foundry sands. The organizations concerned are: 
The Institute of British Foundrymen, The Iron and 
Steel Institute, The British Cast Iron Research 
Association, and the British Non-Ferrous Metals 
Research Association. The First Report is now issued, 
and it contains tentative standard methods for the 
routine testing of all types of prepared moulding and 
core sand. The methods and apparatus are similar 
to those advocated by the American Foundrymen’s 
Association ; they are intended mainly to emphasise 
certain essential features which have been found 
necessary, or at least advisable, in practice, and are 
not intended to exclude the use of any apparatus 
which conforms with these essentials. 


New Foundry is Model of Mechanization. (Steel, 
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1945, vol. 117, Nov. 5, pp. 182-134). A description 
is given of a new American foundry for producing 
malleable iron castings on a large scale. The melting 
equipment comprises four cupolas and three furnaces 
fired with pulverized coal. There are fourteen elec- 
tric furnaces for malleablizing. 

Continuous Production of Steel Castings. G. E. 
Stedman. (Metals and Alloys, 1945, vol. 22, Sept., 
pp. 735-741). A description is given of one of the 
steel foundries of the Columbia Steel Co. where the 
plant consists of two 30-ton open-hearth furnaces and 
one 10-ton electric furnace with moulding pits, cranes, 
heat-treatment and sand-preparation plants, and 
sidings. Stern frames, anchors and other heavy 
castings are made. 

Cost and Technical Controls in the Foundry. 
E. W. Harding. (Foundry Trade Journal, 1945, 
vol. 77, Nov. 29, pp. 275-276). The separate interests 
of the foundry accountant in reducing costs and of 
the metallurgist in maintaining the quality of the 
product are considered, and a means of co-ordinating 
cost and technical controls is outlined. 
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China’s Steel Industry. H. Oresen. (Mechanical 
Engineering, 1945, vol. 67, Oct., pp. 670-671). The 
author, who was chief engineer to the Nelson Mission 
which visited China to report and give advice on the 
Chinese steel industry, briefly describes the conditions 
he observed. Several small blast-furnaces producing 
25-30 tons of iron per day, 2-ton Bessemer converters 
and a few 10-ton open-hearth furnaces were observed 
in the area not occupied by the Japanese.. In the 
province of Szechuan there were several hundred 
l-ton charcoal furnaces producing about 1 ton of 
very pure iron per day; these were operated by 
farmers during the period that the farms required 
little attention. The steel plants are unsuitable for 
expansion, and the cost of producing the steel is 
high compared with that of imported steel. 

The Metallurgical Refining Process by Air Blast. 
H. Wentrup. (Revue de Métallurgie, Mémoires, 
1942, vol. 39, Sept., pp. 280-288; Oct., pp. 313- 
318; Nov., pp. 345-351; Dec., pp. 370-379). A 
comprehensive report is presented on the theory and 
practice of the acid and basic Bessemer processes. This 
is a French translation of a paper which appeared in 
Technische Mitteilungen Krupp, Forschungsberichte, 
1942, vol. 5, May, pp. 141-186. 

Open-Hearth Furnaces in France. P. Bertrand 
and E. Dupuy. (Revue de Métallurgie, Mémoires, 
1942, vol. 39, June, pp. 161-171; July, pp. 193- 
200). Conditions and methods of operating open- 
hearth furnaces in France are discussed and com- 
pared with open-hearth furnaces in Germany and 
England. Special attention is paid to the consump- 
tion of fuel and refractories in relation to output. 
The working conditions of gas producers are also 
examined and a thorough investigation of the follow- 
ing items is recommended: (1) The composition and 
calorific value of the gas in the gas producer and at 


the furnace; (2) the composition of the waste gas; 
(3) the fuel consumption during a heat; (4) the tem- 
perature, the pressure and the rate of flow of the gas. 

Rational Process of Making Steel Without Inclu- 
sions. G.Ranque. (Revue de Métallurgie, Mémoires, 
1942, vol. 39, Nov., pp. 331-344; Dec., pp. 360- 
369; 1943, vol. 40, Jan., pp. 25-29). The author 
presents a comprehensive report on the formation 
of non-metallic inclusions in steel and their stability, 
and describes a practical method for their elimina- 
tion. In the first part of the article the physical laws 
which condition the persistence of non-metallic 
inclusions in the bath of liquid steel are discussed. 
In the second part a detailed description is given of 
a procedure applied at the Usines Saint-Jacques for 
making special and high-quality steels. The method 
is based on the following main principles : The larger 
the inclusions, the easier and quicker is their elimina- 
tion. It is therefore desirable when adding ferro- 
alloys to create conditions which produce the largest 
possible inclusions, 7.e., to make the additions when 
the bath is overheated and saturated with dissolved 
oxides; this procedure also eliminates the risk of 
introducing hydrogen with the additions. The de- 
oxidation should be done in the last phase of the heat, 
at a falling temperature, by adding deoxidizing 
elements to the slag. 

Practice Followed in Use of Open-Hearth Charge 
Ores. C. Denlinger. (American Iron and Steel 
Institute : Steel, 1945, vol. 117, Nov. 5, pp. 148-150, 
188-191). American practice in the use of ores in 
open-hearth furnaces when scrap was in short supply 
and high proportions of hot metal were used, is 
described. The advantages and disadvantages of 
hard and soft ores and of sinter are pointed out. 

Wartime Changes That Will Affect Peacetime Steel- 
making. F. G. Norris. (Metal Progress, 1945, vol. 
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48, Oct., pp. 631-637). Changes in American steel- 
making practice introduced under wartime conditions 
between 1939 and 1945 are briefly reviewed. Two 
projects of the Bureau of Mines are referred to. 
One is the production of electrolytic manganese from 
low-grade domestic ore. The manganese was in the 
form of small square plates about 0-05 in. thick. Trials 
at steelworks indicated that electrolytic manganese 
was certainly as good as ferromanganese but offered no 
particular advantage. The second is the production 
of sponge iron using low-grade fuel which in the future 
will make steelworks less dependent on coking coal. 

Operation of an Experimental Open-Hearth Furnace. 
H. K. Work and W. R. Webb. (Blast Furnace and 
Steel Plant, 1945, vol. 33, Aug., pp. 959-964; Sept., 
pp. 1116-1119). See Journ. I. and §.I., 1945, No. IT., 
p. 1386 a. 

The Basic Electric Furnace for Steelmaking. 
Gladding and H. C. Bigge. (Metal Progress, 1945, 
vol. 48, Oct., pp. 642-651). The increase in the pro- 
duction of steel in the basic electric furnace in the 
United States during the period 1940-1945 is dis- 
cussed, and the process is described in detail, with 
special reference to the slag reactions. 

Deoxidising a Heat of Acid Electric Steel. C. C. 
Wissmann. (Metal Progress, 1945, vol. 48, Sept., 
pp. 499-504, 530). The conditions promoting the 
removal of oxide impurities from a heat of steel in 
an acid electric furnace are considered. The equi- 
librium diagrams for the FeO-SiO, and FeO-MnO 
slag systems are presented. To promote the coales- 
cence of oxide particles and the formation of a fluid 
slag, the following practice is recommended: Boil 
until the carbon is down to just below the required 
analysis, when the slag should be pea-green; de- 
oxidize the metal with silicomanganese with an addi- 
tion soon afterwards of a little ferromanganese ; 
finally, add ferrosilicon to bring the metal to the 
required specification. 

Acid Electric Process for Steel Castings. J. Juppen- 
latz. (Metal Progress, 1945, vol. 48, Oct., pp. 638- 
641). American practice in acid electric-furnace 
melting in 3-5-ton furnaces is described. 
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Properties and Care of Ladle Nozzles and Stoppers. 
L. G. Ekholm and L. D. Hower, jun. (American 
Institute of Mining and Metallurgical Engineers : 
Steel, 1945, vol. 117, Oct. 8, pp. 126, 184). The 
desirable properties in ladle nozzles and stoppers and 
the manipulation of stoppers to prevent leaking are 
discussed. 

Mechanized Mold Preparation Effects Reduction in 
Scrap and Scarfing. (Steel, 1945, vol. 117,. Oct. 8, 
pp. 107, 156). A rapid method of preparing ingot 
moulds is described. Three moulds, measuring 
234 x 263 x 80 in. and heated to 300-500° F., are 
lifted at once in a special frame and dipped into water 
to remove dirt; they are then put in position on a 
platform for spraying. The interior of the moulds is 
sprayed with powdered pitch by compressed air at, 
85-95 lb./sq. in. The whole operation takes 2 min. 

Mechanized Coating of Ingot Molds. (Iron Age, 
1945, vol. 156, Oct. 18, pp. 61-176 B). See preceding 
abstract. 

Steel Plant Maintenance. D. S. McLean. (Iron 
and Steel Engineer, 1945, vol. 22, Sept., pp. 75-78). 
Recommendations are made on the training of main- 
tenance men, the organization of regular inspection, 
the stocking of spare parts and the keeping of records 
of steel-plant maintenance work. 

Maintenance. J. A. Shimmin. (Iron and Steel 
Engineer, 1945, vol. 22, Sept., pp. 79-80). It is 
shown that efficient maintenance in steelworks can 
be obtained by: (1) Having a well-organized pro- 
gramme; (2) an adequate and properly trained 
staff; (3) properly trained process operators; (4) 
applying standards to maintenance work; and (5) 
adequate co-operation between engineering, operating 
and maintenance departments. 

Maintenance and Repair of Lifting Magnets. V. HE. 
Holtslander. (Iron and Steel Engineer, 1945, vol. 22, 
Sept., pp. 65-68). The causes of failure of lifting 
magnets used in the scrap yard and other depart- 
ments of the steelworks are examined and the system 
of inspection, repairs and testing in force at the 
Inland Steel Company’s works is described. 
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Infiuence of Modern Design on Press Forging. 
(Steel Processing, 1945, vol. 31, Aug., pp. 494-495, 
525). Forging and hot-stamping presses which were 
developed during the war are described, including a 
4000-ton forging press and a 200-ton press for small 
forgings. 

Forging Die Design. J. Mueller. (Steel Processing, 
1945, vol. 31, Sept., pp. 560-562). The principles to 
follow in the design of dies for forging rings of regular 
and irregular section are discussed. 

Hot Press Forming of Heavy Steel Plates. (Steel 
Processing, 1945, vol. 31, Sept., pp. 575-576). Ex- 
amples of the press-forging of large rings for ventilator 
fans, brake rims, condenser covers, concrete-mixer 
drums, and tanks for the chemical industry, of steel 
up to 3} in. thick, are described and illustrated. 


Precision Forging Press. (Steel, 1945, vol. 117, 
Oct. 29, pp. 128, 149). A brief description is given 
of a forging press weighing about 350 tons capable of 
working at 50 strokes/min. 

Drop Forging. J. C. Sharman and R. J. Garland. 
(Engineering Inspection, 1945, vol. 10, Autumn Issue, 
pp. 7-17). The development of power-driven ham- 
mers for forging is described with notes on the grain 
flow and directional properties obtained in drop 
forgings. 

Producing 240 mm. Shell at Christy Park Works of 
National Tube Company. (Industrial Heating, 1945, 
vol. 12, Sept., pp. 1470-1502). A detailed and well- 
illustrated description is given of the plant and 
sequence of processes at the works of the National 
Tube Co., Pittsburgh, where 240-mm. shells are made. 
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Induction Heating Develops Widespread Application 
in the Forging Industry. S. A. Covert. (Steel Pro- 
cessing, 1945, vol. 31, Sept., pp. 577-581).  Illus- 
trated descriptions are given of induction-heating 
installations which have been developed for heating 
blanks for the mass production of military equip- 
ment such as 34-in. buckles for parachute harness, 
aluminium propeller hubs, and 75-mm. gun barrels. 

The Relationship of the Ability to Cold-Draw Seam- 
less Tubes of Mild Carbon Steel to the Metallurgical 
Production. E. Siebel, H. Buchholtz, and H. Frank. 
(Mitteilungen aus dem Kaiser-Wilhelm-Institut fir 
Hisenforschung, 1942, vol. 24, No. 8, pp. 105-122). 
Investigations were undertaken to find a method of 
calculating the maximum reduction which can be 
achieved in one draw when cold-drawing seamless 
tubes of low-carbon steel. The maximum possible 
reduction is a function of the product of three factors, 
which are: (1) The maximum possible increase in 
strength (7.e., the strength after drawing divided by 
the mean of the strengths before and after drawing) ; 
(2) the maximum possible deformation efficiency ; and 
(3) the maximum possible strengthening efficiency 
(t.e., the drawing force divided by the product of the 
section area and strength after drawing). The 
theoretical value obtained from these factors was 
about 65%, but in actual drawing tests the value 
did not exceed 56:6%. The value of factor (1) was 
about 1:4, which was obtained for open-hearth rim- 
ming steel annealed before cold-drawing. The best 
value obtained for factor (2) was about 75%. A 
maximum value of 97-4°% was obtained for factor 
(3) for thin-walled tubes ; for killed steels the average 
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value was about 90% and for rimming steels about 
80%. In general, it can be said that a 50% reduc- 
tion in area can be achieved in one draw when making 
thin tubes of soft killed steel when certain conditions 
are complied with, and such tubes have good de- 
formation properties and do not age-harden. 

Precision Bolts and Studs. (British Engineering 
Export Journal, 1945, vol. 28, Nov.-Dec., pp. 319- 
324). The sequence of processes in the manufacture 
of precision bolts and studs of a medium-carbon 
manganese-molybdenum steel developed by a Glasgow 
company is described. 

Making Bolts and Studs. (Electrical Review, 1945, 
vol. 137, Nov. 30, pp. 769-773). Details are given of 
the motors and other electrical equipment used to 
drive the drawing and heading machines at the works 
referred to in the preceding abstract. 

Lubrication in the Drawing of Metals. 8S. Spring. 
(Steel, 1945, vol. 117, Oct. 8, pp. 120-125, 180-182 ; 
Oct. 15, pp. 124-134, 180). Methods of testing the 
physical properties of drawing lubricants are described. 

The Progress of Fine Wire Drawing. S.C. Avallone. 
(Wire and Wire Products, 1945, vol. 20, Sept., pp. 
623-624, 649). Some of the methods adopted in the 
United States to increase the production of fine wire 
are briefly reviewed. It was found advantageous 
to use metallic soaps such as calcium or aluminium 
stearate as lubricants. 

Drafting Calculations for the Wire Mill. T. C. 
Woolfenden. (Wire Industry, 1945, vol. 12, Oct., 
pp. 531, 534). Methods of calculating the number 
of dies and the die sizes to effect a given reduction 
of gauge in wire-drawing are explained. 
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Heat Treating Diagrams—S or TTT-Curves. F. R. 


Morral. (Metal Progress, 1945, vol. 48, Oct., pp. 
818-831). The author prefers the designation “‘ TTT- 
curve” (time-temperature-transformation) as the 


curves for many steels are not of the S shape. The 
use of the curves is explained and an indexed list of 
all published TTT-curves with analyses of the steels 
and references to the literature is presented. A pro- 
cedure for drawing the curve for a steel not in the 
list is described. 

Contribution to a Study of the Deep Case-Hardening 
of Special Steels. G. Delbart. (Revue de Métal- 
lurgie, Mémoires, 1942, vol. 39, Oct., pp. 295-312). 
The results of mechanical tests on certain low-alloy 
case-hardened steels containing chromium, chromium- 
molybdenum, nickel-chromium and nickel-chromium- 
molybdenum are presented. Each of the steels was 
submitted to the same process of case-hardening, 
and the depth of the cases was examined. It was 
found that the hardened layer was deeper for the 
above steels than for plain carbon steel, the chromium- 
molybdenum steel having the deepest case. The 
depth of the layer varied between 3-1 and 3-9 mm. 
after 40 hr. case-hardening and water-quenching from 
960° C., and between 4-6 and 5-7 mm. when the process 
lasted 102 hr. ; oil-quenching resulted in 1-6-3-5 mm. 


and 2-0-5-4 mm. depth of case after 40 and 102 hr., 
respectively. The results of tensile and bend tests 
combined with the microscopical examination showed 
that martensite on the surface and ferrite -+- cementite 
in the core was a structure to be avoided. 

Cyanide Nitriding Increases Hardness of High- 
Speed Cutting Tools. J. EH. Lynch and C. W. Snyder. 
(Machinist, 1945, vol. 89, Dec. 1, pp. 1190-1192). A 
nitriding treatment which increases the hardness of 
hardened high-speed steel tools is described. The 
treatment is in five stages: (1) Preheating slowly to 
800° F.; (2) immersing in a molten cyanide bath at 
900-1100° F. for 15-60 min. and cooling in air to 
150° F.; (3) washing in water and soda at 150° F., 
rinsing, and drying ; (4) tempering for 1 hr. at 1000° F. 
in a nitrate salt bath; and (5) cooling in air to room 
temperature, washing in water and soda at 150° F.; 
rinsing, and drying. 

Some Applications of Sub-Zero Treatment to Steel. 
(Machinery, 1945, vol. 67, Nov. 22, pp. 580-581). 
Some examples are given of the beneficial effects 
obtained by the cold-treatment at — 120° F. for a 
few hours of high-speed steel tools. 

Electrode Salt Baths. (Machine Shop Magazine, 
1945, vol. 6, Oct., pp. 88-92). A detailed description 
is given of an electrode salt-bath furnace which is a 
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self-contained unit. It is designed to cover the tem- 
perature range of 550-1380° C. The times taken to 
reach 600°, 900° and 1350° C. are 45, 50 and 60 min. 
respectively, Once these temperatures have been 
reached, the approximate powers required to main- 
tain them are 1, 2 and 4 kWh. respectively. 

Salt Baths—In Wartime—In Peacetime. 
Winters. (Metal Progress, 1945, vol. 48, Oct., pp. 
815-817). Some modern heat-treatment plants using 
molten salt baths are described. The advantages of 
refractory pots, which can be made up to 20 ft. long, 
are pointed out. 

Conveyorized Non-Decarburizing Heat Treatment 
of Gears. W. J. Bornholt and H. E. Scarbrough. 
(Iron Age, 1945, vol. 156, Oct. 18, pp. 54-57). An 
illustrated description is given of a continuous heat- 
treatment plant for hardening and tempering gears. 

Gas Carburizing. E. S. Kopecki. (Iron Age, 
1945, vol. 156, Oct. 18, pp. 50-53; Oct. 25, pp. 52- 
58; Nov. 1, pp. 60-63). The theory and practice of 
gas carburizing are discussed. In Part I. the selec- 
tion of steel for carburizing and the effect of the grain 
size are dealt with. In Part II. the gas reactions and 
the control of soot deposits are considered. In the 
concluding part bright-carburizing, and pit and 
retort furnaces are described. A bibliography with 
59 references is appended. 

The Use of Protective Atmospheres in Heat-Treatment 
Furnaces. M. Fourment. (Revue de Métallurgie, 
Mémoires, 1942, vol. 39, Apr., pp. 97-103). After 
discussing briefly the importance which the use of 
protective atmospheres during heat-treatment has 
for steel and non-ferrous metals, the author analyses 
the properties of various protective gases and gives 
an illustrated description of installations of heat- 
treatment furnaces. 

Attempts to Accelerate the Nitriding of Steel. 
E. Kunze. (Archiv fiir das Eisenhiittenwesen, 1944, 
vol. 18, Sept.-Oct., pp. 57-60). The literature on 
methods of accelerating the process of nitriding steel 
is critically reviewed. The functions in the nitriding 
process of atomic nitrogen, the number and type of 
active spots per unit area of surface, the solubility of 
nitrogen in nitrided steel, and the diffusion process 
are discussed. The application of certain granular 
materials, calcium chloride in particular, increases 
the rate of absorption of nitrogen but does not increase 
the concentration at the surface. Phosphatizing 
before nitriding is the only method of increasing both 
the depth and the concentration at the surface. 

Accelerating the Nitriding of Steel by Glow Dis- 
charge. H. Bennek and O. Riidiger. (Archiv fir 
das Eisenhiittenwesen, 1944, vol. 18, Sept.-Oct., 
pp. 61-67). If a glow discharge is created in an 
atmosphere containing nitrogen, nitrogen ions with a 
positive charge will be attracted to the cathode at 
high velocity. This principle has been applied to 
the nitriding of steel. An apparatus is described in 
which specimens (30 mm. in dia. and 8 mm. thick) 
of chromium steel and chromium-molybdenum steel 
were made the cathode in a quartz cylinder held 
within a discharge tube. Current was supplied from 
a 110-V./5000-V. transformer and ammonia was used 
as the source of nitrogen. The discharge tube was 
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exhausted by a two-stage diffusion pump with an oil 
backing pump. Several tests were run under various 
conditions of time, temperature, suction and current. 
The depth of the nitrided layer and the Vickers hard- 
ness were determined and compared with the results 
obtained by the normal nitriding process. For equal 
times of treatment up to 7 or 8 hr. greater hardness 
and a slightly deeper case were obtained by the 
glow-discharge method. With increasing time the 
effects of the treatments became more and more 
similar. The best results were obtained when the 
current was sufficiently strong for the specimen to 
be heated by the bombardment. Prominent corners 
and edges were uniformly nitrided by the glow- 
discharge process. 

Annealing High Carbon Wire Stock. J. H. Loux. 
(Wire and Wire Products, 1945, vol. 20, Oct., pp. 
742-749). Special atmospheres for annealing high- 
carbon steel wire are discussed with particular refer- 
ence to a double-cracked gas made from natural gas. 

The Annealing of High-Quality Electric Welds in 
the Construction of Boilers and Vessels. H. Busch. 
(Archiv fiir das Eisenhiittenwesen, 1942, vol. 16, Nov., 
pp. 187-195). The effects of stress-free annealing 
and of normalizing treatments on electrically welded 
steel boilers and vessels are compared, and a modern 
annealing furnace for large vessels is described. Tests 
were made on specimens from a shell plate, bent cold 
and electrically welded, in which the outer fibres 
were elongated by 4%. There was a very slight 
reduction in the impact strength of specimens from 
a position 4-5 mm. from the weld. For satisfactory 
stress-free annealing the original boiler plate must be 
properly normalized. Stress-free annealing was found 
to be a better treatment than normalizing for vessels 
to be used at — 50° C. 

High-Frequency Induction Heating—A Comment. 
K. Gregory. (Machinery, 1945, vol. 67, Nov. 29, 
pp. 608-610). An example of the successful induc- 
tion-hardening of a layshaft with four gears is de- 
scribed. The heating times for the four gears were 
15, 18, 20 and 30 sec. respectively. Very accurate 
measurements were taken before and after hardening. 
In no instance was a difference of 0-0006 in. exceeded. 
The maximum spacing error from tooth to adjacent 
tooth was increased by 0-0003 in. Data on the cost 
of the process are discussed and it is shown to com- 
pare favourably with that of cyanide hardening. : 

Induction Heating and Heat Treating (A General 
Statement). H. B. Osborn, jun. (Metal Progress, 
1945, vol. 48, Oct., pp. 801-806). General con- 
siderations governing the power and frequency 
requirements for induction heat-treatment are dis- 
cussed with notes on the relations between frequency, 
diameter of bar and penetration of the heating effect. 
The hardening of the internal surfaces of cylinder 
liners, gun barrels and wheel hubs is dealt with 
briefly. 

Important Achievements of Induction Heating— 
Frequencies up to 10,000 Cycles. H. B. Osborn, jun. 
(Metal Progress, 1945, vol. 48, Oct., pp. 806-810). 
The relative merits of the motor-generator set and 
the vacuum-tube oscillator for producing current at 
frequencies up to 10,000 cycles/sec. are pointed out 


SA 


and some outstanding examples of hardening carried 
out at this frequency are described. 

Important Achievements of Induction Heating— 
Frequencies from 100,000 to 500,000. J. J. Fox. 
(Metal Progress, 1945, vol. 48, Oct., pp. 806-807, 
810-812). The methods of producing high-frequency 
currents in the 100,000-500,000 cycle/sec. range are 
described and some of its useful characteristics when 
hardening steel are pointed out. 

Important Achievements of Induction Heating— 
Vacuum Tube Units. J. W. Cable. (Metal Progress, 
1945, vol. 48, Oct., pp. 806-807, 813-814, 832). The 
advantages of using high frequencies in the 100,000— 
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500,000 cycle/sec. range for induction hardening are 
discussed. One is the ability to concentrate heat in 
shallow surface layers. At 10,000 cycles the theoreti- 
cal penetration is 0-020 in. in steel, whereas at 375,000 
cycles it is reduced to 0-004 in. A second is the 
ability to heat small diameters and thin sections, and 
a third advantage is that the energy can be trans- 
ferred over greater distances from the coil to the metal. 

Radio Frequency Heating. (Metallurgia, 1945, vol. 
32, Oct., pp. 255-256). Some notes on a recent 
exhibition of high-frequency heating apparatus are 
presented. Particulars of its application for the 
heat-treatment of steel are given. 
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Five Years of Progress in Welding. W. Spraragen. 
(Metal Progress, 1945, vol. 48, Oct., pp. 905-916). 
Progress in the welding of ferrous and non-ferrous 
metals during the period 1940 to 1945 is reviewed. 

Hot-Shearing Blades. A. T. Cape. (Steel, 1945, 
vol. 117, Nov. 5, pp. 140, 178-180). The technique 
for welding nickel-chromium-molybdenum steel on 
the prepared edges of shear blades is described. The 
body of the blade is made of 0-4-0-5°%-carbon steel. 
The welded edges are ground to form the cutting 
edges of the blade. 

Hidden-Arc Welding of 13-Gage Steel. H. E. 
Cable. (Iron Age, 1945, vol. 156, Nov. 1, pp. 52-53). 
A description is given of a method of automatic 
welding which was developed for joining the seams 
of bomb boxes made of 13-gauge steel sheet. The 
edges of the sheet were held in a jig which also formed 
a V groove into which the powdered flux was fed at 
the side of a guide wheel. The electrode wire was 
fed from a coil into the flux. The welding speed was 
about 120 in./min. 

Produces Over 19,000 Miles of Electric Welded 
Tubing. (Steel, 1945, vol. 117, Oct. 15, pp. 114-115, 
144-146). A description is given of two new tube 
mills operated by the Babcock and Wilcox Tube Co. 
The hot-rolled coils of skelp are accurately sized, 
cleaned and pickled and then passed through forming 
rolls to continuous resistance-welding machines. 
The two mills have a capacity of 4000 tons/month of 
tubes from # to 4 in. in dia. 

Quality Control during Production of Electric Re- 
sistance Welded Tubing. S. O. Evans. (Welding 
Journal, 1945, vol. 24, Sept., pp. 805-810). A 
description is given of the testing technique for 
resistance-welded steel tubing set up by the Babcock 
and Wilcox Tube Co. It consists of the Magnaflux 
test supplemented by a flattening test, the latter test 
being designed to reveal flaws on the inside of the 
tube which are not detectable by the Magnaflux 
test. 

Processing and Fabrication of Stainless Steel. 


(Steel Processing, 1945, vol. 31, Sept., pp. 567-573). 
Recommendations are made on the shearing, forming, 
welding, machining, grinding and polishing of stainless 
steel. 

Weldability Tests of Valve Body Material. L. H. 
Carr. (Welding Journal, 1945, vol. 24, Sept., pp. 
446-S-451-S). A procedure for testing the weld- 
ability of the steel used for cast steel valve bodies is 
described. The procedure is based on determinations 
of the heat input under various conditions of welding 
and on the results of Jominy end-quench tests. 

The Effect of Hammer Blows on Welds Containing 
Cracks and/or Inclusions. E. A. Ratzel. (Welding 
Journal, 1945, vol. 24, Sept., pp. 455-S-458-8). The 
results of a test designed to determine qualitatively 
the effect of hammer blows on a welded specimen 
having a known initial defect (deliberately made) 
indicate that the value of the hammer test to find 
defects in welded pressure vessels is questionable. 

Alloy Welding Wire from Powder Metallurgy. 
F. G. Daveler and P. H. Aspen. (Welding Journal, 
1945, vol. 24, Sept., pp. 842-844). <A description is 
given of the development of a method of making 
electrodes for welding alloy steels. It consists of 
building up a mixture of powdered materials by the 
powder-metallurgy process round a wire core. For 
instance, an electrode for welding stainless steel is 
made by holding a core wire #5 in. in dia. of 0-03%- 
carbon steel in the centre of a die } in. in dia. and 
filling up the annular space with a mixture of pow- 
dered ferrochromium, ferrosilicon, ferromanganese 
and pure nickel adjusted to produce the required 
analysis. The mixture is compressed and sintered 
in the die and a flux coating is added. 

Machine Gas Cutting. R. M. Dennis. (Welding 
Journal, 1945, vol. 24, Sept., pp. 839-842). An 
illustrated description is given of some of the equip- 
ment and machines at the Lukens Steel Company’s 
works which were designed for the multiple oxy- 
acetylene cutting of shapes out of steel plate of various 
thicknesses. 
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The Cutting Tools of World WarlII. M. F. Judkins. 
(Metal Progress, 1945, vol. 48, Oct., pp.’ 901-904): 
The development of cutting tools, in particular the 
tungsten-carbide-tipped tools, in the United States in 
the war period 1939-1945 is briefly described and 
recommendations on the method of welding or braz- 
ing the tip to the shank are made. 

How to Conserve Tool Steel and Obtain Longer 
Tool Life. R. C. Gibbons. (Steel, 1945, vol. 117, 
Oct. 22, pp. 112-113, 150-157). Methods of effecting 
economies in the use of tool steel for machining are 
discussed under the following headings: (1) Control 
of the material being cut ; (2) selection of tool steels ; 
(3) use of composite or tipped tools; (4) redesign of 
tools; (5) surface preparation; (6) use of the tool; 
(7) cutting fluids; and (8) salvage. 

The Mechanism of Tool Vibration in the Cutting of 
Steel. R. N. Arnold. (Engineer, 1945, vol. 180, 
Nov. 2, pp. 355-356; Nov. 9, pp. 379-380). An 
investigation of the factors affecting tool vibration 
on a 10-in. centre lathe is reported. A theory is 
developed to explain the profiles obtained on the 
work and an explanation is offered of the origin of 
the vibration and the mechanism by which it is 
sustained. 


Milling Cast Iron with Carbides. M. Field and 
W. E. Bullock. (Mechanical Engineering, 1945, vol. 
67, Oct., pp. 647-658). The results of milling- 
cutter tests on cast iron with a carbide-tipped cutting 
tool are reported and discussed. The machinability 
of cast irons can only be compared by studying the 
characteristic curves relating tool life to cutting speed 
and feed per tooth. There is a maximum tool-life 
point towards the lower end of the speed range. 
Relatively large differences in machinability exist 
with ferrous castings of approximately equal Brinell 
hardness. A cutter combining a fairly large negative 
radial rake with a large positive axial rake and a 
large corner angle will remove a considerably greater 
volume of metal before becoming blunt than the 
conventional positive-rake cutters. 

Carbide Milling of Steel. A. W. Meyer and F. R. 
Archibald. (Mechanical Engineering, 1945, vol. 67, 
Oct., pp. 659-667). Tests to establish the optimum 
conditions, especially the best tool contour, for milling 
different steels at high speed with carbide-tipped tools 
are described. Four sets of conditions applicable 
respectively to steels containing 0-:10%, 0-20% and 
0-40% of carbon and to a heat-treated 1-75%-nickel 
and 1°%-chromium steel were established. 
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Blast Cleaning of Metal. A. L. Gardner. (Metal 
Progress, 1945, vol. 48, Oct., pp. 959-961). The 
theory and practice of shot-blast cleaning are dis- 
cussed. It is a mechanical process and can be used 
regardless of the surface shape or indentations. By 
choosing the size of the abrasive grains, their velocity, 
and the angle of impact, almost any type of surface 
finish can be obtained. With steel shot about +, in. 
in dia. and compressed air at 80 lb./sq. in. a velocity 
of about 250 ft./sec. was obtained and found to be 
satisfactory. 

What Is a “Clean ’’ Surface? KE. H. Lyons, jun. 
(Electrochemical Society, Oct., 1945, Preprint No. 
88-1). Only rarely, if ever, does a metal particle to 
be plated enter the bath with a truly clean surface, 
even after the most careful cleaning procedure. The 
effects of various types of films on surfaces to be 
plated are classified according to the effects they pro- 
duce on the electroplate. The surface required for 
electrodeposition is one which will receive a smooth 
adherent metal deposit, but this is not necessarily an 
absolutely clean surface. In general, an acceptable 
surface is one on which “ objectionable surface films 
have been replaced by films more suitable and 
acceptable for electroplating.” 

Surface Preparation of Cast Iron. J.H.Shoemaker. 
(Metal Progress, 1945, vol. 48, Oct., pp. 961-962). 
The Kolene process of cleaning cast iron in prepara- 
tion for enamelling is described. It consist of putting 
the casting in a bath of molten salt at 500° F. and 
passing a current at 6 V. with the work as the cathode 


so as to cause reactions which reduce scale or rust at 
the surface. The polarity is then reversed so as to 
oxidize impurities such as sulphur, phosphorus and 
graphite in the bare metal surface. Finally, the 
current is again reversed so as to remove the iron 
oxide formed during the previous cycle and a surface 
of almost pure ferrite is left. 

Metals, Finishes and Finishing Processes. E. Engel. 
(Iron Age, 1945, vol. 156, Sept. 6, pp. 70-79 ; Sept. 13, 
pp. 64-71; Sept. 20, pp. 74-83 ; Sept. 27, pp. 65-68). 
Numerous tables are presented giving data on the 
corrosion resistance and the coefficients of friction of 
plated surfaces and information for comparing de- 
greasing, descaling and electrolytic polishing pro- 
cedures. 

Metal Pickling. A. J. T. Eyles. (Mechanical 
World, 1945, vol. 118, Oct. 26, pp. 476-478). Modern 
pickling practice is described with special reference to 
the use of acid-resisting plastic equipment. 

The Surface Preparation of Certain Cold-Worked 
Steels by Pickling. P. D. Liddiard. (Sheet Metal 
Industries, 1945, vol. 22, Sept., pp. 1731-1736). A 
solution containing nitric and sulphuric acids is 
recommended as a satisfactory bath for pickling steel 
which has been cold-reduced without removal of the 
lubricants before heat-treatment. Such “ difficult ” 
steels can be given a satisfactory surface in this way 
before coating with other metals or paints. 

Continuous Pickler for Coiled Material. A. S. 
Hellstrom. (Iron and Steel Engineer, 1945, vol. 22, 
Aug., pp. 59-61). An illustrated description is given 
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of a continuous pickling plant developed by the Greer 
Steel Company, Indiana. The plant is designed to 
save floor space, and is only 150 feet long. The end 
of a coil of strip is threaded through scale-breaking 
rollers and the coil is wound up on a reel block 18 in. 
in dia. The block is reversed and the coil is back- 
spun to a predetermined outside diameter thus creat- 
ing an air space between the layers. A mandrel is 
passed through the coil; there are sprockets on each 
end of the mandrel and these engage in chains passing 
along each side of the pickling tank. About two- 
thirds of the coil is submerged in the acid, but, as 
the coil rotates as it travels along the tank, all parts 
of it come in contact with the acid. 

Pickling with Submerged Combustion. H. N. 
Snowden. (Wire and Wire Products, 1945, vol. 20, 
Oct., pp. 750-751). The development of “ sub- 
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merged combustion ” heating equipment for pickling 
tanks for wire is described. This equipment consists 
of special burners and igniting devices which enable 
gas flames to be burnt under the surface of the 
pickling solution. 

The Réle of the Inhibitor in the Fixation of Hydrogen 
in the Acid Pickling of Polycrystalline Iron. L. 
Moreau. (Comptes Rendus, 1944, vol. 218, pp. 353- 
355). Fatigue tests on specimens of polycrystalline 
and monocrystalline iron pickled in acid with and 
without an addition of an inhibitor (2° of pyridine) 
were carried out. There was only a very slight 
increase in the number of bends to fracture in the 
two cases (a) polycrystalline iron using the inhibitor, 
and (b) monocrystalline iron without the inhibitor. 
The inhibitor prevents the acid from attacking the 
intergranular material. 
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Adhesion of  Electrodeposits. B. F. Lewis. 
(Monthly Review of the American Electroplaters’ 
Society, 1945, vol. 32, Feb., pp. 139-147). Methods 
of improving the adherence of electrolytic coatings 
on steel and other metals are discussed. The recom- 
mendations made include the following: (1) The 
surface to be plated must be absolutely clean ; (2) the 
cleaning process should not leave a cold-worked layer 
on the surface; (3) buffing is better than polishing ; 
and (4) the electrodeposition, once started, must not 
be interrupted until the desired thickness is obtained. 

The Reclaiming and Hardening of Engineering 
Components by Electro-Deposition. H.Merryweather. 
(Transactions of the Manchester Association of 
Engineers, 1944-45, pp. 153-176). See Journ. I. and 
S.L., 1945, No. II., p. 63 4. 

Protection of Metals for Industrial Process Piping. 
L. D. Van De Bogart. (Electrochemical Society : 
Steel, 1945, vol. 117, Oct. 15, p. 117). The advan- 
tages of nickel-plating the interior of steel tubes and 
of phenolic resin coats on cast-iron pipes are dis- 
cussed. 

Automotive Plating Survey. R. C. Olsen. (Hlec- 
trochemical Society: Steel, 1945, vol. 117, Oct. 15, 
pp. 118-119). A list is presented showing the rela- 
tive deterioration of various automobile parts after 
two years’ wear. 

Chromium Plating. J. Poor. (Electrochemical 
Society: Steel, 1945, vol. 117, Oct. 15, p. 119). 
The advantages of porous chromium plating on the 
walls of the cylinders of internal combustion engines 
are discussed. 

The Outlook for Electrolytic Tin Plate. K. W. 
Brighton. (Iron and Steel Engineer, 1945, vol. 22, 
Aug., pp. 37-39). Particulars are given of the 
weights of the electrolytic tin coatings on steel 
specified by the United States War Production 
Board for cans for various fruits and vegetables. 
The results of some corrosion tests of cans containing 
prunes are given. 

Some Factors in the Production of Electrolytic 
Tin Plate. T.G. Timby. (Iron and Steel Engineer, 


1945, vol. 22, Aug., pp. 40-43). The precautions to 
be taken in the production of bright tinplate by the 
electrolytic process are discussed and curves are pre- 
sented showing the variations in current density at 
different positions in a potassium stannate bath using 
flat and corrugated anodes. 

Tin Fusion by Radiant Tube Heating. H. L. Hal- 
stead. (Iron and Steel Engineer, 1945, vol. 22, Aug., 
pp. 49-50). A brief description is given of six 
radiant-tube furnaces at the works of the Bethlehem 
Steel Co. which are used for reflowing the tin on 
electrolytically coated steel strip. These are tower 
furnaces 36 ft. high, divided vertically into two 
chambers. The strip, which is 28 in. wide, passes 
up through the preheating chamber, over a roller 
at the top and down through 34 radiant-tube elements 
fired with coke-oven gas and air. The strip is pre- 
heated to 150° F. and leaves the bottom, of the 
furnace at 450° F. at a speed of 275 ft./min. This 
was found to be a very economical method of heating 
the strip. 

Fusion Brightening of Electro-Tinplate. (Iron Age, - 
1945, vol. 156, Oct. 18, p. 57). A technique has been 
developed at the Illinois Institute of Technology for 
taking motion pictures of the fusion of tin on electro- 
lytic tinplate. Four pictures at 60 diameters are 
reproduced showing different stages of the process. 

Chromium, Silicon and Aluminium Impregnation of 
Steel. A. M. Borzdika. (Stal: Iron Age, 1945, 
vol. 156, Oct. 18, pp. 58-61). An English translation 
of a paper from the Russian journal “Stal” is pre- 
sented. Experiments in impregnating steel with 
chromium, silicon and aluminium, using solid and 
gaseous media, are described. Media in powder form 
are not recommended. Gaseous cementation using 
the chlorine compounds of the respective metals as 
catalysts is advocated for industrial purposes. 

Improvements in Other Protective Metallic Plates. 
R. B. Saltonstall. (Metal Progress, 1945, vol. 48, 
Oct., pp. 965-967). Electrolytic coatings other than 
nickel and zine are discussed. In particular a method 
of preparing a bearing for aeroplane engines is de- 
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scribed. It consists of plating about 0-050 in. of 
silver on the steel, machining this to 0-001-0-0015 in. 
undersize, building up to size by lead plating and 
finishing with a flash coating of indium which is later 
diffused into the lead by heating. 

Rubber Lined and Rubber Covered Equipment. 
H. C. Klein. (Electrochemical Society : Steel, 1945, 
vol. 117, Oct. 15, pp. 120, 172, 174). The advantages 
of synthetic-resin coatings on tanks, pipes and drums 
to resist the attack of oils and acids are discussed. 

The Formation of Metal-Sprayed Deposits. W. E. 
Ballard. (Proceedings of the Physical Society, 1945, 
vol. 57, Mar. 1, pp. 67-83). The difficulties of research 
on the metal-spraying process are examined. Some of 
these have been overcome by the use of the high-speed 
cinema camera, which has suggested that the spray 
metal pulsates rapidly and that a retraction of the 
deposited agglomerates of particles takes place on 
the surface. A theory is put forward to show that 
surface tension plays a considerable réle both in the 
pulsation of the spray and in the ultimate structure 
of the coating. Indications are given that the amount 
of metal sprayed in unit time is controlled by well- 
known physical laws, and an empirical formula for 
speed of working is given and examined. Developing 
the theory of the action of surface tension at the 
moment of impact, explanations are given for certain 
phenomena observed when depositing metal on smooth 
glass and roughened metallic surfaces, including the 
problem of adhesion. Some effects of the spread of 
the spray, marginal deposits, and the temperature of 
deposition are noted, and a tentative explanation for 
the variation in the percentage lost when spraying 
different metals is advanced. 

Modern Installations for Spraying Parts. EH. J. 
Cartwright. (Machinist, 1945, vol. 89, Nov. 10, 
pp- 1069-1070). Equipment for spraying metal parts 
with paint, enamel or lacquer is described with special 
reference to apparatus for removing oil and moisture 
from the compressed air. 

Porcelain Enamels. G. H. McIntyre. (Electro- 
chemical Society: Steel, 1945, vol. 117, Oct. 15, 
pp. 119-120). The preparation of porcelain enamel 
coatings is described and some of their corrosion- 
resistant properties are discussed. : 

Methods of Assessment of Anti-Fouling Composi- 
tions. K.A.Pyefinch. (Journal of the Iron and Steel 
Institute, 1945, No. II., pp. 229p-243pP). The coloniza- 
tion of a toxic surface immersed in the sea is dependent 
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The Behaviour under Tensile Stress of Metals 
Deformed by Compression.—Parts I. and II. F. 
Korber, A. Eichinger and H. Moller. (Iron and 
Steel Institute, 1946, Translation Series, Nos. 258 
and 259). These are English translations of the two 
parts of a paper which appeared in Mitteilungen aus 
dem Kaiser-Wilhelm-Institut fir Eisenforschung, 
1941, vol. 23, No. 9, pp. 1238-133, and 1943, vol. 26, 
No. 6, pp. 71-89 respectively; they have been 
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upon a number of factors, of which the most important 
may be termed the seasonal and the sensitivity factors. 
The former, imposed by the limited length of the 
breeding season of many marine organisms, expresses 
the availability of settling stages, spores or larve, for 
settlement; the latter, produced by the varying 
sensitivities of these settling stages to the poisons 
released from the paint, governs the ability of the 
spores or larvee to settle and develop. Other factors 
play their part, but the sensitivity and seasonal 
factors are much the most important and any scheme 
of assessment which attempts critically to assess the 
performance of an anti-fouling composition, should be 
based on these two factors. 

The present paper gives an account of a method of 
assessment which attempts to allow for these factors. 
The wide range of sensitivity of the animals and 
plants commonly settling on exposed panels has 
enabled a fouling sequence to be constructed and this 
is used, with due allowance for seasonal effects, as a 
means of placing anti-fouling compositions under test 
in one of five categories, which represent five stages 
of increasing inadequacy of protection against foul- 
ing. This method has given satisfactory results with 
a large number of exposures of experimental anti- 
fouling compositions but, since it is an evaluation 
of a series of biological inter-relationships, it cannot 
always be rigidly applied. To some extent, each case 
must be treated on its merits, and examples are given 
of detailed assessments which illustrate difficulties or 
points of particular interest in the application of the 
method. 

Post-War Corrosion Inhibiting Primers. 
Huckle and H. 8. Davidson. (Paint Industry Maga- 
zine, 1945, June, Reprint). Extensive tests on steel 
panels exposed to the action of the tide at Florida 
so as to compare the corrosion-resisting properties of 
various paint formulations are reported, the principal 
object being to compare zinc-yellow-pigmented prim- 
ing coats with other primers and to determine the 
most suitable vehicle. Zinc-yellow primers were 
found to be superior to and less expensive than red- 
lead primers. 

A New Coating Thickness Gage. 8. Lipson. 
(A.S.T.M. Bulletin, 1945, Aug., pp. 20-23). A new 
thickness gauge is described in which electromagnetic 
principles are applied to determine the thickness of 
non-magnetic coatings on steel. 
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abstracted previously (see Journ. I. and S.I., 1942, 
No. I., p. 197 4 and 1944, No. II., p. 161 4). 

A Discussion on the Notch Impact Test and Its 
Interpretations. A. Fisher. (Metallurgia, 1945, vol. 
32, Sept., pp. 192-198; Oct., pp. 281-284). The 
obstacles which have prevented much progress 
towards rationalizing design methods for notched 
components are discussed and suggestions on impact- 
testing methods and the interpretation of the results 
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are made. A new formula is given which is claimed 
to provide a rational interpretation and expression 
of “ notch sensitivity.” 

Some Problems of the Metallic State. Sir Lawrence 
Bragg. (North-East Coast Institution of Engineers 
and Shipbuilders: Engineering, 1945, vol. 160, Nov. 
23, pp. 433-435). An outline is given, from the view- 
point of the physicist, of what gives to metals their 
characteristic properties and of the factors which 
determine their mechanical strength. In the initial 
annealed state there are large regions of highly perfect 
crystalline structure in the metal. When slip occurs, 
it runs for long distances, the parameter ¢ (the average 
distance between faults, where unconformable mosaic 
elements meet) being large, and the yield point low, 
but this very act of yielding creates dislocations 
which form new interfaces where differently orientated 
mosaic fragments meet. The parameter ¢ diminishes 
and the crystal becomes stronger. At the same time 
the interfaces are centres of highly localized strain in 
which the energy of cold-work resides. As deforma- 
tion proceeds, the mosaic elements yield one after 
another along a plane of slip where the atoms move 
on one each time. The largest elements are the 
weakest and yield first. The process cannot be 
carried on beyond a certain limit because of the 
recrystallizing power of the metal. However much 
cold-work is put into the metal, a limiting amount 
only can be retained. This corresponds to the crystal 
structure being broken into fragments of limiting 
small size, fitting as unconformably to each other as 
is possible geometrically. When this limit is reached, 
the elastic limit of the metal is determined approxi- 
mately by ns — t, where v is the rigidity modulus, and 
8 the distance between neighbouring atoms. 

The Structure of Cast Steels. Brittleness and Inter- 
granular Fracture. H. Jolivet. (Revue de Métal- 
lurgie, Mémoires, 1942, vol. 39, Aug., pp. 233-246 ; 
Sept., pp. 257-264). Certain special steels show 
brittleness which is not removed by heat-treatment 
but is characterised by intergranular fracture. The 
hot working of steel tends to improve its properties 
in this respect in both longitudinal and transverse 
directions. The investigation of steel the solidi- 
fication of which occurs in the $-phase has shown that 
the brittleness is due to a lack of cohesion between 
the austenite grains, or to the secondary structure, 
which, in this case, has no direct connection with the 
dendritic segregation. The brittleness originates from 
the precipitation either of cementite or of non- 
metallic inclusions in the austenite grain boundaries. 

The Determination of Damage Curves for Steel. 
F. Bollenrath and H. Cornelius. (Archiv fiir das 
Eisenhiittenwesen, 1942, vol. 16, Aug., pp. 49-56). 
Wohler curves and damage curves for smooth and 
notched specimens of a chromium-molybdenum steel 
were constructed from data obtained from five 
different laboratories and the relationship of the 
fatigue to the tensile properties was studied. 

The Fatigue Strength and the Static Elastic Limit. 
A. Schaal. (Archiv fiir das Eisenhiittenwesen, 1942, 
vol. 16, July, pp. 21-24). The X-ray technique was 
employed to measure the actual stress condition in 
the surface of specimens which had been subjected to 
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tension-compression and to torsional fatigue tests. 
The determinations were made with the load increas- 
ing by stages until fracture occurred. At the stage 
just before cracks appeared, the residual stress, as 
determined by X-rays, plus the applied fatigue stress 
was found to be approximately equal to the elastic 
limit in the static tensile test. The ratio of the 
fatigue strength to the elastic limit for steel and light 
alloys decreased steadily with increasing elastic 
limit. 

A Fatigue Testing Machine for Caquot Test Pieces. 
R. Guillery. (Revue de Métallurgie, Mémoires, 1942, 
vol. 39, Jan., pp. 27-29). A description is given of 
a fatigue-testing machine, designed by the author, to 
test specimens standardized by the Services de 
L’Aeronautique. By submitting the specimen to 
alternating bend tests at 6,200 cycles/min., the time 
of testing is reduced by half. 

Two New Microhardness Testers. EK. B. Bergsman. 
(Industrial Diamond Review, 1945, vol. 5, Nov., 
pp. 258-262). This is a translation of part of the 
author’s paper in Jernkontorets Annaler, 1944, vol. 
128, No. 3, pp. 81-104 (see Journ. I. and 8.1., 1944, 
No. IL., p. 112.4). It gives detailed descriptions of 
two new microhardness testing instruments. 

‘“H ”? Steels and Their Specification. L. EK. Ekholm. 
(Metal Progress, 1945, vol. 48, Oct., pp. 673-683). 
The work of the Technical Committee on Alloy Steel 
of the American Iron and Steel Institute in conjunc- 
tion with the S.A.E. General Standards Committee 
in drawing up hardenability specifications is de- 
scribed. The compositions of a number of harden- 
able steels with their maximum and minimum 
hardenability curves are given. These curves are 
obtained by plotting the Rockwell hardness values 
obtained at increasing distances from the quenched 
end in the Jominy test. The utility of this method 
of specifying steels has been found satisfactory by 
both the steelmaker and the user. 

The Supersonic Reflectoscope for Interior Inspection. 
F. A. Firestone. (Metal Progress, 1945, vol. 45, 
Sept., pp. 505-512). A description is given of the 
principles and application of the supersonic reflecto- 
scope for the non-destructive testing of metals for 
flaws. This instrument was developed at the Univer- 
sity of Michigan. A quartz crystal in contact 
through an oil film with the bar to be tested emits a 
few sound waves of very short wave length. This 
group of waves is reflected from the face of the bar 
farthest away from the crystal. When the reflected 
waves strike the crystal an e.m.f. is generated in it 
and the time of arrival is indicated on the screen of 
a cathode-ray oscilloscope. Any flaw causes part of 
the wave group to be reflected, and this “echo ” 
arrives at the crystal before the echo from the opposite 
face of the bar. A measurement of the time lag 
between the arrival of the two echoes indicates the 
distance of the flaw from the end of the bar. 

The Supersonic Flaw Detector. E. N. Simons. 
(Metal Progress, 1945, vol. 45, Sept., pp. 513-516). 
An apparatus of British design for detecting flaws in 
bars and billets, based on the reflection of supersonic 
waves is described. Whereas in the American appar- 
atus referred to in the preceding abstract the same 
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quartz crystal is used for emitting the waves and 
receiving the echoes, in the British instrument separate 
crystals are used for emitting and receiving. The 
latter instrument is capable of detecting flaws within 
a region of from 4 in. to 12 ft. from the surface. 

Statistical Quality Control of Methods and Materials. 
E. G. Olds. (Engineering Materials and Processing, 
Methods, 1945, vol. 22, Oct., pp. 1097-1101). 

Magnetic Sorting of Steels. IF. P. Cobb. (Engin- 
eering Inspection, 1945, vol. 10, Autumn Issue, pp. 
18-22). A magnetic method of testing and classify- 
ing steel bars is described; it is based on the shape 
of the hysteresis curve of the material which is shown 
on the screen of a cathode-ray tube. 

Instruments to Establish Identity—Magnetic Com- 
parators. J. J. Smith. (Metal Progress, 1945, vol. 
48, Oct., pp. 997-1000). Brief descriptions are given 
of instruments for comparing the magnetic properties 
of bars with each other or with those of a standard 
specimen. 

Instruments to Establish Identity—High Frequency 
Devices. P. E. Cavanagh. (Metal Progress, 1945, 
vol. 48, Oct., pp. 1000-1003). A description is given 
of the “Cyclograph”’ apparatus for testing the 
magnetic properties of steel bars. Using a 60-cycle, 
110-V. A.C. source, this apparatus can be adjusted to 
pass high-frequency currents of 2000-150,000 
cycles/sec. through the bar to be tested. 

Permanent Magnets of Iron-Nickel-Cobalt-Alumin- 
ium-Copper(-Titanium) Alloys with Preferred Mag- 
netic Orientation. W. Zumbusch. (Archiv fir das 
Hisenhiittenwesen, 1942, vol. 16, Sept., pp. 101-112). 
The effect of the chemical composition and the heat- 
treatment on the magnetic properties of permanent- 
magnet alloys was investigated. The coercivity of 
certain permanent-magnet alloys can be increased by 
as much as 160% by cooling in a magnetic field of at 
least 2000, but preferably 4000 oersted. This applies 
to iron alloys containing 24-40% of nickel plus cobalt 
(with a cobalt/nickel ratio of at least 0-8), 7-10% of 
aluminium, up to 6% of copper, and up to 2% of 
titanium. The cooling must be from a temperature 
slightly below the freezing point and the cooling rate 
must be about 60° C./min. The optimum composi- 
tion was found to be nickel 14-15-5%, cobalt 21-5- 
23:5%, aluminium 7-8—9-2%, and copper 3-4%. Up 
to 1% of titanium can be added, which usually in- 
creases the coercive force. The important technical 
and economic aspects of the production of per- 
manent magnets with preferred magnetic orientation 
are pointed out and discussed. 

New Apparatus for Thermomechanical Study and 
Micromechanical Testing of Metals. P. Chevenard. 
(Revue de Métallurgie, Mémoires, 1941, vol. 38, 
Dec., pp. 317-334; 1942, vol. 39, Feb., pp. 33-53; 
Mar., pp. 65-83; Apr., pp. 123-128). In the first 
part of the article the author discusses the symp- 
toms of mechanical hysteresis in metals which are 
negligible in normal conditions, but increase rapidly 
at high temperatures and influence considerably 
Hooke’s law. A method is given for calculating 
the coefficient of expansion, corresponding to each 
temperature examined, by means of a special appar- 
atus invented by the author. The results of investi- 
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gations of steel within the 15-450° C. temperature 
range are presented. In the second part of the 
article details are given for making micro-tensile, 
micro-shear, micro-bend and micro-torsion tests and 
high-temperature creep tests. The Coulomb micro- 
pendulum and micro-impact tests are also de- 
scribed. 

The Elongation Properties of Steels Loaded in Ten- 
sion at High Temperatures. J.de Lacombe. (Revue 
de Métallurgie, Mémoires, 1942, vol. 39, Apr., pp. 
105-111; May, pp. 152-158; June, pp. 181-188). 
A description is given of an apparatus which enables 
the time-elongation curves at high temperatures to 
be obtained. Tests were made with specimens of low- 
carbon steels, and chromium-molybdenum, molyb- 
denum, and austenitic nickel-chromium steels loaded 
in tension at temperatures in the 383-800° C. range. 
The magnification of 500 allowed the changes in length 
of the order 10 to 10-° mm. to be photographically 
recorded. In each case the period of test was chosen so 
that the total elongation never exceeded 1% or 2%, the 
usual limits were 0-:1-0-4%. The resulting curves were 
subjected to a mathematical analysis to examine the 
possibility of extrapolating the results obtained up to 
10,000 hr. The last section of the article deals with 
the temporary variations of load and the classification 
of deformations. 

“'T.R.”? Machine for Mechanical Testing of Metals 
at High Temperatures. P. Chevenard. (Revue de 
Métallurgie, Mémoires, 1942, vol. 39, Nov., pp. 321- 
330; Dec., pp. 353-359). A detailed description is 
given of a machine, which (a) allows the elongation 
of a creep-test specimen to be magnified 1000 times 
and recorded, or (b) automatically adjusts the load on 
the extended specimen and produces a load-time 
diagram. The small dimensions of the tensile test- 
piece (4 mm. in dia. x 32 mm. long) allow a light 
testing machine weighing about 200 kg. with a 
maximum load of 10 kg. to be used. 

The Effect of Titanium on the Creep Strength of Steel. 
P. Bardenheuer and W. A. Fischer. (Archiv fiir das 
Hisenhtittenwesen, 1942, vol. 16, July, pp. 31-38). 
A titanium/carbon ratio of 6 to 9 in steels containing 
up to 0:2°% of carbon which had been water-quenched 
and tempered at 600° C. produced the optimum creep 
strength at 500° C. The value of the optimum creep 
strength depended on the carbon content and was 
highest when the carbon exceeded 0:08%. The 
range of the above ratio giving the optimum creep 
strength was widened by chromium additions. 

The Effect of Titanium on the Creep Strength of 
Steels. E. Houdremont and G. Bandel. (Archiv fir 
das Eisenhtittenwesen, 1942, vol. 16, Sept., pp. 85-97). 
The effect of titanium, of the heat-treatment, and of 
the contents of carbon, manganese, silicon, chromium, 
molybdenum and vanadium on the creep strength of 
steel was investigated. The creep strength in the 
400-600° C. range of annealed steels increased steadily 
with increasing titanium; this is only in part due 
to the titanium dissolved in the « solid solution. An 
important factor is the precipitation which is very 
sluggish during annealing without deformation ; this 
only becomes effective on applying the load in the 
creep test. This is shown in the time-extension 


144 


curves by a high initial and permanent elongation 
and a low creep rate. 

The Scatter in the Determinations of the Creep 
Strength of Steel in the Air Furnace. H. Esser, 
S. Eckhardt, and G. Finke. (Archiv fiir das Eisen- 
hiittenwesen, 1942, vol. 16, July, pp. 1-15). It was 
found advisable to use air furnaces instead of salt 
baths for making creep tests at about 500° C. As it 
was more difficult to maintain a uniform temperature 
in the air furnaces, extensive tests were carried out 
to determine the scatter of the results obtained with 
air furnaces when making creep tests by the German 
standard method A 117/118 on a low-carbon steel, 
a chromium-molybdenum steel and a chromium- 
molybdenum-vanadium steel. The results are pre- 
sented in several tables and are compared with 
those obtained when salt baths were used. 

Testing the Relationship between the Creep Strength 
and the Heat-Treatment and Cold-Work of Thin- 
Walled Tubes. H. Esser, S. Eckhardt, and G. Lauten- 
busch. (Archiv fiir das Eisenhiittenwesen, 1942, 
vol. 16, Oct., pp. 131-135). A suitable form of 
specimen for creep-testing thin-walled tubes by the 
German standard method A 117/118 at 500° C. was 
developed. Details of the specimen and of test data 
obtained after various heat-treatments are presented 
and discussed. The steel contained 0-159 of carbon 
and 0:3% of molybdenum. After 27% cold-reduction 
in manufacture and no heat-treatment the creep 
strength was 23 kg./sq. cm. Tempering at 650° C. 
raised this to 25 kg./sq. mm. Raising the annealing 
temperature to the normalizing temperature reduced 
the creep strength to 15 kg./sq. mm. Raising the 
annealing temperature still further to 1050° C. caused 
a recovery of the creep strength to 23 kg./sq. mm. 

The Diffusion of Carbon and Phosphorus in Steels. 
H. Cornelius. (Archiv fiir das Eisenhiittenwesen, 
1942, vol. 16, Oct., pp. 147-152). The diffusion of 
carbon and of phosphorus in seven low-alloy steels 
and one plain carbon steel at 850° and 930° C. was 
studied. The diffusion of carbon had no effect on 
the initial distribution of the alloying elements across 
the section of the specimens. The diffusion of phos- 
phorus caused the carbon to become unevenly dis- 
tributed and promoted the migration of the man- 
ganese, nickel and chromium (but not molybdenum) 
into the diffusion medium which was used, namely, 
ferrophosphorus powder. The mechanism of the 
diffusion process is discussed in the light of the 
results obtained. 

The Relation between the Sensitivity to Superheat- 
ing and the Content of Aluminium Compounds in 
Unalloyed Mild Steel. H. Kornfeld and G. Hartleif. 
(Archiv fiir das Eisenhiittenwesen, 1942, vol. 16, 
Sept., pp. 113-116). The sensitivity to superheating, 
i.e., the temperature at which local grain-coarsening 
begins, of three low-carbon aluminium-killed steels 
was determined by annealing specimens for 30 min. 
at successively increasing temperatures and cooling 
in air. In all three cases an increase in the content 
of aluminium compounds, chiefly alumina, was asso- 
ciated with a marked decrease in the grain-coarsening 
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temperature, but neither the total aluminium content 
nor the amount of metallic aluminium affected this 
temperature. The determination of aluminium com- 
pounds in steel by spectro-analysis is described. 

The Properties of Steels Containing up to 5% of 
Chromium. H. Cornelius. (Archiv fiir das Hisen- 
hiittenwesen, 1942, vol. 16, Nov., pp. 173-186). An 
investigation is described in which the effects of the 
carbon, silicon, manganese, molybdenum, nickel and 
vanadium contents on the hardenability, tensile 
strength and impact strength at room temperature 
and down to — 70° C. were studied. The results 
are presented in numerous tables and series of curves. 

Cold Finished Bars to Physical Property Specifica- 
tions. M.N. Landis. (Metal Progress, 1945, vol. 48, 
Oct., pp. 769-777). The differences in the properties 
of hot-rolled bars before and after cold-drawing are 
discussed and tables and curves are presented illus- 
trating these differences. 

Aircraft Engine Metallurgy Since World War I. 
W. E. Jominy. (American Society for Metals: 
Steel, 1945, vol. 117, Nov. 5, pp. 128-129, 192-199). 
Advances which have been made in the period 1918 
to 1939 in the application to aircraft engines of the 
following materials and processes are discussed : 
Magnesium, sodium, silver, beryllium, stainless steel, 
selenium, chromium plate, sintered carbides, forged 
aluminium, nitriding, grain-size control, hardenability 
testing and Magnaflux testing. 

Conditions Affecting the Quality of Steel for Cold- 
Heading Dies. A.S. Jameson. (Steel, 1945, vol. 117, 
Oct. 29, pp. 98-101, 121-122). A method of relating 
the quality of steel for cold-heading dies to the struc- 
ture as revealed by a deep-etch test in hydrochloric 
or sulphuric acid is described. It was found im- 
possible to relate the die life to the estimated number 
of inclusions. 

Corrosion Resistance of the Stainless Steels. C. A. 
Zapffe. (Metal Progress, 1945, vol. 48, Oct., pp. 693- 
707). Factors affecting the corrosion resistance of 
stainless steels are discussed. The type numbers and 
analyses of stainless steels drawn up by the American 
Iron and Steel Institute and the (American) Alloy 
Casting Institute are given. The effect of heat- 
treatment and of elements other than nickel and 
chromium on the properties of stainless steels are 
pointed out. Molybdenum expands the passivity 
range and improves the resistance to sulphuric acid 
and neutral chloride solutions including sea water ; 
copper also increases the resistance to sulphuric acid. 

Stainless Steels for Turbine Blading. J. H. G. 
Monypenny. (Institute of Marine Engineers : Engin- 
eering, 1945, vol. 160, Nov. 23, pp. 482-433 ; Nov. 30, 
pp. 458-460; Dec. 7, pp. 478-480. Iron and Coal 
Trades Review, 1945, vol. 151, Nov. 28, pp. 803-805, 
812; Nov. 30, pp. 855-857). The history of the 
development of stainless iron for turbine blading and 
materials with greater resistance to corrosion, par- 
ticularly the austenitic steels, are described. Data 
on the corrosion resistance and fatigue properties at 
room temperature and at high steam temperatures 
are presented and discussed. 
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Trends in Metallurgy. G. W. Pirk. (Wire and 
Wire Products, 1945, vol. 20, Oct., pp. 758-770, 797). 
The theory of physical metallurgy is explained, the 
author dealing in turn with the Periodic Table, body- 
and face-centred lattice structures, the effects of 
deformation, structural differences from the surface 
to the centre of drawn wire, effects of alloying elements, 
and solid solutions. 

The Supermicroscopic Reproduction of Metal Sur- 
faces by the Replica Process without Damaging the 
Metal Surface. V. Duffek and H. Mahl. (Archiv fiir 
das Hisenhiittenwesen, 1942, vol. 16, Aug., pp. 73-76). 
A technique is described for removing synthetic-resin 
replicas from the surface of metallographic specimens 
for examination with the electron microscope. The 
specimen is made the cathode in the non-corroding 
electrolyte which is used and the replica comes off in 
less than 1 sec. after hydrogen begins to form. With 
this process many replicas can be prepared from the 
same surface without damaging it. 

Revealing Phosphorus Segregation by Prints on 
Cellophane. H. Grubitsch and P. Warbichler. 
(Archiv fiir das Eisenhiittenwesen, 1942, vol. 16, 
Aug., pp. 77-79). A modification of Niessner’s 
method of making phosphorus prints: is described. 
Niessner’s method is based on the reduction of the 
(NH,),P0,.12MoO, complex with tin-chloride solution. 
The prints are made on cellophane. 

The Use of Cellophane in M. Neissner’s Oxide Print 
Process. H. Grubitsch. (Archiv fiir das Eisen- 
hiittenwesen, 1942, vol. 16, Aug., pp. 79-80). Niess- 
ner’s printing method for revealing oxide inclusions 
in steel has already been described by H. Dienbauer 
(see Journ. I. and 8.1., 1937, No. I1., p. 93.4). In 
the present paper a process of preparing the prints 
on cellophane is described with examples of some of 
the results obtained. 

The Metallographic Indication of Lead in Steel. 
K. E. Volk. (Archiv fiir das Hisenhtittenwesen, 1942, 
vol. 16, Aug., pp. 81-84). The possibility of revealing 
lead-bearing inclusions in steel is discussed and a 
method is described based on the formation of yellow 
lead iodide at the places where lead occurs. A 
printing process using paper soaked in acetic acid 
and then converting the lead acetate into yellow lead 
sulphide is also described. 

A Temper-Etching Process for Distinguishing be- 
tween Ferrite, Austenite and Carbides in the Structure 
of High-Chromium Steels. H.Kessner. (Archiv fiir 
das Hisenhiittenwesen, 1942, vol. 16, Oct., pp. 145- 
146). A simple process for distinguishing between 
ferrite and austenite in chromium-nickel and chrom- 
ium-manganese steels high in chromium is described. 
The polished specimen is etched in boiling hydro- 
chloric acid and exposed in air at between 500° and 
700° C. until temper colours form on the etched 
surface. The austenite is clearly defined by the dark 


brown to violet colour, whereas the ferrite. is light 
yellow. The carbides remain white. 

New Intensity Table for the X-Ray Penetration of 
Iron and Steel. J. Urlaub. (Archiv fiir das Hisen- 
hiittenwesen, 1942, vol. 16, Oct., pp. 187-142). The 
sensitivity of films and the intensifying factor of 
screens have increased in recent years, necessitating 
the setting up of new intensity data. This has been 
done for soft carbon steel, and series of curves are 
presented in which the specimen thickness is plotted 
against the distance (on a logarithmic scale) of the film 
from the X-ray tube. The curve for each particular 
voltage across the tube is practically a straight line. 

Magnetic Particle Detection of Retained Austenite 
and Carbide Segregation. R. J. Dooley. (Iron Age, 
1945, vol. 156, Oct. 25, pp. 46-49). The application 
of the Magnaflux tests to determine segregation and 
areas of retained austenite in high-speed steel tools 
is discussed. The method proved to be successful 
with the molybdenum-chromium-tungsten-vanadium 
steel tested and its application to the testing of longi- 
tudinal sections of bar stock to provide a rapid and 
accurate indication of the quality is recommended. 

Direct Evidence of Solubility of Iron Oxide in Pure 
Solid Iron. R., Castro and A. Portevin. (Revue de 
Métallurgie, Mémoires, 1942, vol. 39, Aug., pp. 225- 
232). Conditions of deformation of iron-oxide inclu- 
sions are discussed in connection with changes of 
their plasticity and solubility in solid hot iron. This 
solubility is proved by the microscopic examination, 
particularly by heating up the polished specimens in 
a vacuum and by observation before and after heating. 
It is shown how the changes in plastic deformation 
may lead to the misinterpretation of the micrographs. 

The Nature of Martensite. L. Guillet. (Revue de 
Métallurgie, Mémoires, 1942, vol. 39, Jan., pp. 12-19). 
The author reviews the theories on the formation and 
constitution of martensite, and presents the results 
of his own investigations. Martensite is a super- 
saturated solid solution of iron carbide in «-iron and 
its great hardness may be explained by the distortion 
of its lattice caused by atoms of carbon. 

The Solubility of Titanium Carbide and Its Effect 
when Hardening and Heat-Treating Steel. EH. Houdre- 
mont, F.-K. Naumann, and H. Schrader. (Archiv fir 
das Eisenhiittenwesen, 1942, vol. 16, Aug., pp. 57-71). 
Two carbides occur in the Fe-Ti-C system, the easily 
soluble iron carbide Fe,C and the titanium carbide 
TiC which is difficult to dissolve. The former dis- 
appears when the titanium/carbon ratio exceeds 4. 
The solubility of the latter appears to change with 
different titanium and carbon contents in the steel. 
With high titanium contents there are two forms of 
titanium carbide, a primary coarse precipitate and a 
finely divided form precipitated out of the y-iron. 
The results of numerous tests on steels containing 
up to 3-7% of titanium are presented and discussed. 
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Corrosion of 18-8 Alloy Furnace Tubes in High- 
Temperature Vapor Phase Cracking Service. EH. Q. 
Camp, C. Phillips, and L. Gross. (Corrosion, 1945, 
vol. 1, Sept., pp. 149-160). The results of laboratory 
investigations indicate that the corrosion experienced 
in the 18/8 stainless steel tubes in the naphtha circuit 
of the superheater furnaces at a butadiene plant can 
be eliminated by adding either 0-05-0-5% by weight 
of sulphur (as free sulphur, carbon disulphide, or 
butyl mercaptan), or a minimum of 0-06-0-4% by 
weight of water to the naphtha charge. Carbon 
dioxide, ethyl alcohol and acetic acid are also satis- 
factory inhibitors for suppressing this type of corro- 
sion, but their value is not so well established as that 
of sulphur compounds and water. 

Corrosion-Resistant Sucker Rods. (Corrosion, 1945, 
vol. 1, Sept., p. 148). After six years of exposure in 
an oil well of a corrosive nature, sucker rods of 
S.A.E.-4620 steel, plated with 0-006 in. of nickel, 
were found to be in excellent condition. In a corro- 
sive brine well the nickel coating was perforated by 


friction, but there was no indication of undercutting 
or of intense galvanic action, probably because of 
the absence of oxygen. 

Use of Zine for Cathodic Protection. H.W. Wahl- 
quist. (Corrosion, 1945, vol. 1, Sept., pp. 119-147). 
The use of zinc as a current source in cathodic pro- 
tection is discussed. The character of corrosion pro- 
ducts on zinc anodes buried in different soils was 
investigated, and extensive data obtained in tests on 
zinc-protected buried pipe-lines of the Colorado 
Interstate Gas Company are presented and analysed. 

The Examination by X-Rays of the Oxide Films 
Formed on Iron at High Temperatures. J. Bénard. 
(Comptes Rendus, 1943, vol. 217, pp. 77-78). It has 
previously been shown that if the layer of ferrous 
oxide which is formed by heating iron in air at 
900° C. is removed and reheated at 900° C. it 
transforms rapidly into ferric oxide. In the present 
paper the mechanism of this transformation is studied 
by reference to the lattice parameters of FeO at 
increasing depths in a 0-5-mm. layer of the oxide. 


BOOK NOTICE 


Taytor, A. “An Introduction to X-Ray Metallo- 
graphy.” With a foreword by Sir Lawrence Bragg, 
O.B.E., F.R.S. 8vo, pp. xi-+ 400. Illustrated. 
London, 1945: Chapman and Hall, Ltd. (Price 
36s.) 


In spite of its attractive title, this book will be of more 
use te the experienced specialist than to the student read- 
ing for a degree or to the industrial research worker. It 
contains a lot of useful information, but unfortunately the 
book is not well arranged, and the index is inadequate. 
It is, however, reassuring to find from Chapter I. that the 
author does appreciate the limitations of X-ray analysis, 
and states that over-enthusiasm amongst some X-ray 
workers has led them to overlook the fact that many of 
the results they have obtained could have been achieved 
almost as readily by the more conventional methods of 
metallographic practice. 

Chapter IT., which deals with X-ray generating apparatus, 
is moderately complete, but the author devotes only two 
lines to tubes of the gas type, in spite of the fact that a 
considerable amount of useful work is being done with 
them. Chapters III. and IV. are devoted to the space 
lattice and the diffraction of X-rays by the crystal lattice 
respectively, and both are well written, and the diagrams 
are particularly clear and understandable. 

The bad arrangement of the book becomes particularly 
obvious in Chapter V., which is entitled ‘‘ Experimental 
Methods of Obtaining Diffraction Patterns.” This is a 
mixed chapter, and whilst describing certain of the experi- 
mental methods of obtaining diffraction patterns, contains 
other miscellaneous paragraphs. The sixth section of this 
chapter, which is very short, is devoted to ‘“‘ The Identifica- 
tion of the Spectra on the Powder Photograph.” This is 
followed by sections entitled ‘‘ Typical Cylindrical Debye- 
Scherrer Cameras,” ‘The Bradley 19 cm. Diameter 


Camera ’”’ and several other sections that quite properly 
fall into a chapter dealing with experimental methods of 
obtaining diffraction patterns. Later in the chapter, 
however, there is a section devoted to the measurement of 
the film, the elimination of systematic errors from the lattice 
parameter determination and to applications to non-cubic 
crystals. ‘These seem to be out of place in this chapter. 

Chapter VI. deals with the influence of the atomic 
pattern on the intensities of the X-ray reflection and with 
methods for the measurement of the intensities of the lines 
on powder photographs. It does not, however, indicate 
what conclusions one may draw as the result of such 
measurements. 

Chapter VII. is a particularly good chapter, and deals very 
clearly with the Bohr classification of the elements and the 
crystal structures of metals in general. 

Chapter VIII. is devoted to the study of thermal equi- 
librium diagrams by X-ray methods, and by itself is good, 
but, unfortunately, even with the help of the preceding 
seven chapters and the appendix at the end of the book, 
it is not sufficient to enable a student or a research worker 
to apply X-ray methods to such a complicated problem as 
the establishment of an equilibrium diagram. 

After chapters dealing with the measurement of grain 
size, grain orientation and the application of X-rays to the 
study of refractory materials, the work concludes with a 
chapter devoted to radiography and micro-radiography. 
The section devoted to micro-radiography is, as is common 
with books or papers dealing with this subject, illustrated 
by the only micro-radiographs that ever appear to have 
been taken, namely, those obtained from G. L. Clark’s 
contribution to “‘ Photo Technique.” 

There are numerous tables in the appendix, but it is to 
be feared that they will be of little, if any, use to anyone 
whose knowledge of the application of X-ray analysis to 
metallography is confined to a study of this present work. 

J. FERDINAND KAYSER, 
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The Flow of Gases through Beds of Coke and Other 
Granular Materials. J. Hiles and R. A. Mott. (Fuel 
in Science and Practice, 1945, vol. 24, Sept.-Oct., 
pp. 135-142; Nov.-Dec., pp. 158-171). The in- 
fluence on the resistance to the flow of gases through 
beds of coke of varying depth and voidage, of varying 
particle size over a wide range, and of the effect of the 
bed temperature, the physical properties of the flowing 
gas and its velocity through the bed are discussed, 
and calculations concerning these effects are explained. 
The effect of all these variables can be combined in a 
single simple formula which is presented together 
with examples of its use. 

The Control of Gas-Fired Furnaces and the Evalua- 
tion of Their Efficiency. W. Callenberg. (Giesserei, 
1943, vol. 30, May, pp. 121-129). Detailed descrip- 
tions are given of methods of measuring the calorific 
value, pressure and flow of fuel gases, and the tempera- 
ture of furnaces. Methods of presenting and co- 
ordinating the data obtained and maintaining efficient 
fuel control are discussed. 

Present Problems of Heat and Energy Economy 
in Industry. W. Callenberg. (Giesserei, 1943, vol. 
30, Sept., pp. 209-214). In June 1942 a regulation 
in Germany compelled companies consuming more 
than 200,000 kWh. of electricity, or 100,000 cu. m. 
of gas, or 500 tons of coal per month to employ an 
“energy engineer.” The problems confronting this 
engineer and measures taken to ensure the most 
efficient use of fuel at large plants are discussed in this 


paper. 
The Training of Heaters. L. T. Pearsall and I. L. 
McHugh. (Iron and Steel Engineer, 1945, vol. 22, 


Nov., pp. 59-61). Efficient heating is largely de- 
pendent on the skill and experience of the furnace 
operator, whose training should therefore be closely 
supervised from the beginning. In spite of the 
many improvements in automatic control of continuous 
furnaces, there are still opportunities for improving 
the intelligent operation of furnaces. Recommenda- 
tions on the training of furnace-men are made. 

Some Simplified Heat Transfer Data. Margaret 
Fishenden and O. A. Saunders. (Journal of the 
Institute of Fuel, 1945, vol. 19, Dec., pp. 62-71, 74). 
Industrial waste-heat recovery involves heat-transfer 
problems of almost every type. Heat-transmission 
problems are difficult because of the gap between the 
conditions of practice and those under which con- 
trolled measurements are carried out. Thus the basic 
data usually obtained for certain simple geometrical 
arrangements and under defined conditions are not 
applicable to the much more complicated design and 
conditions of actual plant. Consequently assumptions 
and approximations have to be made which entail 
errors. In this paper, however, some basic data are 
presented in more easily usable form for the benefit 
of the practical designer. Actual heat-transfer 
coefficients can be read off directly from curves for 
some of the most important cases. 

1946—i 


The Utilization of Waste Heat in High-Temperature 
Carbonization Processes. H. D. Edwards. (British 
Coal Utilisation Research Association, Bulletin, 
1945, vol. 9, Dec., pp. 333-338). The scope for waste- 
heat recovery in carbonizing processes is outlined and 
the recovery of sensible heat in flue gases, coke, and 
volatile matter discussed. From a study of the 
literature (28 references are given) it is concluded that 
there are many methods of waste-heat recovery 
which ought to be applied in order to conserve British 
fuel resources. 

_ The Use of Centrifugal Force for Cleaning Fine Coal 
in Heavy Liquids and Suspensions with Special Re- 
ference to the Cyclone Washer. M. G. Driessen. 
(Journal of the Institute of Fuel, 1945, vol. 19, Dec., 
pp. 33-45). A scientific investigation has shown that, 
in coal-washing, settling times increase very rapidly 
with decreasing size of the particles. Similarly, the 
time required for the separation of coal and shale in a 
dense medium increases rapidly with decreasing size. 
Separation using true liquids entails great practical 
difficulties—especially with fine coals. This is due to 
the large amount of liquid which adheres to the washed 
products. Separation using suspensions instead of 
true liquids is to a much greater degree necessary with 
fine coal than with nuts. But the high viscosities 
and yield-point values of suspensions prevent an 
economic separation if using only the force of gravity. 
Hence recourse has to be made to the use of centrifugal 
force which can be made 2000 times as great as gravity. 
The cyclone washer described is a simple centrifugal 
washer which allows continuous operation, and no 
mechanical means are required to remove the washed 
products. True liquids and suspensions can be used. 

Coke-Oven and Blast-Furnace Plants. J. H. Pat- 
chett. (Cleveland Institution of Engineers: Iron 
and Coal Trades Review, 1945, vol. 151, Dec. 21, pp. 
979-984, 996). Progress in the design and operation 
of coke-ovens and blast-furnaces is reviewed. It 
appears that the limit in oven capacity has been 
reached and that future development will be in the 
design of a more robust furnace structure. The use 
of sinter is discussed and the efficiencies of the turbo- 
blower and the gas-engine-driven blower are compared. 

Contribution to a Study of Blast-Furnace Coke. 
C. G. Thibout. (Révue de Métallurgie, Mémoires, 
1943, vol. 40, May, pp. 129-142). Results are 
presented of tests carried out in the Longwy district 
in France, where various kinds of coke were tried in 
blast-furnaces during the war. The physical and 
chemical properties of coke are examined and a 
coefficient for expressing coke quality is suggested. 

Shale Oil. (Engineer, 1945, vol. 180, Dec. 21, pp. 
498-500; Dec. 28, pp. 520-521). The shale oil 
industry in the British Empire is reviewed, and 
descriptions are given of the Salermo retort and the 
Davidson rotary retort for the carbonization of shale 
and torbanite (a material intermediate between shale 
and coal which contains more hydrogen than coal). 
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Moving the Pembroke Blast-Furnace from Florida 
to Texas. R.H. Sweeter. (Iron Age, 1945, vol. 156, 
Nov. 15, pp. 66-67). A description of the removal 
of a blast-furnace from Pembroke, Florida, to Rusk, 
Texas, is given. 

Slag Wool and Rock Wool as a Universal Substitute 
Material. H. Schmidt. (Iron and Steel Institute, 
1946, ‘Translation Series, No. 264). This is an 
English translation of a paper which appeared in 
Stahl und Eisen, 1943, vol. 63, May 6, pp. 360-365 
(see Journ. I. and S. I., 1945, No. IT., p. 131 a). 

Producing Sponge Iron in a Rotary Kiln. T. L. 
Johnston. (Steel, 1945, vol. 117, Nov. 12, pp. 128- 
129, 140-142). An account is given of experimental 
work by the United States Bureau of Mines in making 
sponge iron in a rotary kiln at Laramie, Wyoming. 
The sloping kiln is 80 ft. long, 6 ft. in dia. for the upper 
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50 ft., and 9 ft. in dia. for the remaining 30 ft. The 
slope is 4 in./ft. The kiln is fired with natural gas 
or pulverized coal. Under the optimum conditions 
at least 90° of the iron is reduced to the metallic 
state. The sponge iron is put through a roll crusher, 
a centrifugal polishing machine, and a magnetic 
separator. The product can be used for steelmaking 
in the granular or briquetted state. 

Mechanical Parts Made from Powdered Metals. 
R. P. Seelig. (Steel, 1945, vol. 117, Nov. 19, pp. 
116-119, 156-178). The possibilities and limitations 
of the powder-metallurgy process are examined 
and a great variety of parts made by it are discussed. 
Examples of how slight changes in shape have made 
a component easily producible by this method are 
described and illustrated. 
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A Review of the Major Changes in Grey-Iron 
Foundry Practice During the Period 1914-1944. 
A. E. McRae Smith. (Institute of British Foundry- 
men: Foundry Trade Journal, 1945, vol. 77, Dec. 27, 
pp. 371-377). This is a résumé to stress the more 
important trends of theory and practice (between 
1914 and 1944) which have exerted a major influence 
in establishing the properties and qualities of grey- 
iron castings at the present high level. The metal- 
lurgical side of the grey cast-iron industry has shown 
much greater progress than has been the case with 
casting technique. The following are among the 
subjects dealt with: (1) Development of foundry 
technique; (2) “‘semi-steel”; (3) the Thyssen- 
Emmel and Meehanite processes; (4) Ni-tensyl 
and acicular cast iron; (5) ladle metallurgy; (6) 
martensitic irons; (7) melting technique in cupolas 
and electric furnaces; (8) solidification; and (9) 
moulding and core-making. 

Grey Iron Production for War. J. 8S. Vanick. 
(French Foundry Association: Foundry, 1945, vol. 
73, Nov., pp. 96-101, 226-236). The change-over 
from peace-time to war-time production of grey-iron 
castings by American foundries and the principal 
war-time developments are described. 

Cupola Bed Lighting. J. Timbrell. (Foundry 
Trade Journal, 1945, vol. 77, Dec. 20, p. 338). A 
novel method of lighting a cupola, using an oxygen 
lance with the oxygen at 15 lb./sq. in., is described. 
Details of the arrangement of wood, coal, and the coke 
charge, are given. The total time for oxygen pro- 
jection in the cupola should not exceed 10-12 min. 
during which 30-40 cu. ft. are used. The fire should 
be going satisfactorily in 20 min. 

Air Weight Control for Foundry Cupolas. R. W. 
Adams, (Institute of Australian Foundrymen : 
Australasian Engineer, Science Sheet, 1945, Oct., 


pp. 6-9). The usefulness of oxygen control in the 
cupola is emphasized as each stage of combustion 
is indicated by the percentage of CO, in the com- 
bustion gases, and the oxygen in the air is used to 
support combustion. The temperature of the metal 
depends on the amount of heat developed in the 
combustion zone, 7.e., on the ratio of air to coke. 
Practical examples are given of methods of blast- 
volume control using an air-weight instrument which 
incorporates a standard flow-meter measuring the 
pressure drop at an orifice plate. 

Relative Effect of Lime and Dolomite Fluxes on 
Cupola Irons and Cupola Operation. C. C. Sigerfoos 
and H. L. Womochel. (American Foundryman, 1945, 
vol. 8, Oct., pp. 68-71). This report describes 
experiments performed to determine the effect of 
substituting dolomite for limestone as a cupola flux. 
Data are presented to show the effect of the slags on 
the sulphur, carbon, silicon, phosphorus, and man- 
ganese contents of the iron. 

Cupola Slag. O. Glaser and F. Roll. (Giesserei, 
1943, vol. 30, Feb. 5, pp. 37-43). The composition, 
structure, properties, and application of cupola slags 
are discussed. 

The Effects of Slag on Cast-Iron Melts. P. Barden- 
heuer. (Mitteilungen aus dem Kaiser-Wilhelm-In- 
stitut fiir Eisenforschung: Giesserei, 1943, vol. 30, 
July, pp. 161-166). The reactions between metal 
and slag in the open-hearth furnace and in the cupola 
oe discussed with special reference to desulphuriza- 

ion. 

The Hot-Blast Cupola at Aachen. E. Piwowarsky. 
(Giesserei, 1943, vol. 30, Oct., pp. 221-225). The 
hot-blast cupola at the Giessereiinstitut at Aachen 
is described and illustrated (see Journ. I. and S. I., 
1939, No. II., p. 9 a) and operating data and heat 
balances are presented. Very good results were 
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obtained with a blast temperature of 450-600° C.; 
in fact, with blast temperatures of 300° and 600° C. 
reductions of 18-4% and 36-3%, respectively, in the 
coke consumption were obtained and the casting 
properties of the iron were improved. 

Operating Experience with the Hot-Blast Cupola. 
M. Bader. (Giesserei, 1943, vol. 30, Nov., pp. 241- 
246). The results of experiments by E. Piwowarsky 
with a hot-blast cupola (see preceding abstract) 
have been applied at a Schaffhausen foundry where 
four cupolas with diameters of from 700 to 900 mm. 
have been in operation from 1941 to 1943. These 
cupolas have been blown with air heated in Schack 
recuperators up to 600° C. and have shown very great 
economy in coke consumption. Several thousand 
tons of iron for malleable castings have been made. 
The iron was lower in sulphur than formerly and had 
greater tensile strength and a higher elastic limit with 
the same elongation. Detailed results of tests on 
the coke consumption at different blast temperatures 
are presented and discussed. 

Collectors on Cupolas Clean Waste Gases. A. H. 
Allen. (Foundry, 1945, vol. 73, Nov., pp. 88-90, 
199-200). A detailed description is given of the dust 
collectors which were fitted to the tops of six 8-ft. dia. 
cupolas at a Michigan foundry. The collector carries 
water-spraying equipment through which the cupola 
gases emerge. 

Foundry Research in the Chilled Car Wheel Industry. 
EK. Bremer. (Foundry, 1945, vol. 73, Nov., pp. 112- 
114, 264-265). Methods of producing chilled railway 
wagon wheels, in particular the cooling procedure, 
developed by the Association of Manufacturers of 
Chilled Car Wheels, are described and discussed. 

The Production of Grey Iron Castings by the Metal- 
Mould Process. C. Englisch. (Giesserei, 1943, vol. 
30, Aug., pp. 181-189). The technique for making 
grey-iron castings in metal moulds, with special 
reference to making cylinders for air compressors 
and hydraulic brakes, is discussed in detail. 

Notes on the Metallurgical Treatment of Malleable 
Cast Iron. G. Brinkmann and P. Tobias. (Giesserei, 
1942, vol. 29, Oct. 16, pp. 356-588). The advantages 
and disadvantages of different melting processes 
for the preparation of iron for malleable castings 
are discussed. The processes examined include 
those using cupolas and reverberatory, open-hearth, 
Brackelsberg, and are furnaces. 

The Electric Furnace in the Steel Foundry. H. 
Stephenson and G. R. Stanley. (Australasian Engi- 
neer, Science Sheet, 1945, Oct., pp. 12-19). An 
illustrated review is presented of the design and 
operation of acid and basic high-frequency furnaces 
and acid and basic three-phase arc furnaces. The 
advantages and disadvantages of each type are dis- 
cussed and the reasons for the increasing popularity 
of the electric furnace are given. 

Bessemer Shop Practice. R. Stolle. (Giesserei, 
1942, vol. 29, Dec. 11, pp. 413-419). The cupola/ 
Bessemer process of making cast steel is discussed 
with special reference to factors affecting the efficiency 
of the operation of the converter. Methods of 
calculating the ferrosilicon and ferromanganese 
additions are also dealt with. 
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The Technique of Casting Steel. A. Heuvers. 
(Giesserei, 1943, vol. 30, Sept., pp. 201-209). The 
principal points in the production of good steel 
castings are critically examined, with special re- 
ference to the causes of cavities and cracks. Several 
examples of good and bad castings showing the 
positions of gates and risers are described and illus- 
trated. 

Steel Foundries in the Foreign Literature of 1940 
and1941. H.Juretzek and W.Trommer. (Giesserei, 
1943, vol. 30, Dec., pp. 261-272). The American, 
English, and Russian literature for the years 1940 
and 1941 on steel foundries is reviewed. ‘The biblio- 
graphy contains 79 references. 

Sand-Control in a Malleable Iron Foundry. G. 
Davis. (American Foundryman, 1945, vol. 8, Oct., 
pp. 65-67). A brief discussion of the different 
sands used for light, medium, and heavy malleable- 
iron castings is presented. 

Split-Type Specimen Tube for Elevated Temperature 
Sand Testing. D.C. Williams. (American Foundry- 
man, 1945, vol. 8, Sept., pp. 68-72). This is a 
report by the Sub-Committee on Physical Properties 
of Steel Foundry Sands appointed by the American 
Foundryman’s Association Committee on Physical 
Properties of Foundry Sands at Elevated Tempera- 
tures. The advantages of using a split tube for form- 
ing sand specimens for the hot-compressive-strength 
test are pointed out. 

Determining the Gas-Permeability in the Testing 
of Moulding Sands—A Note on Standardizing Methods 
of Testing. W. Reitmeister. (Giesserei, 1943, vol. 
30, Aug., pp. 189-193). 

The Consumption of New Sand and Sand Binders in 
the Production of Green-Sand Steel Castings. E. 
Holweg. (Giesserei, 1943, vol. 30, Mar. 3, pp. 76- 
80). The author analyses the consumption of the sand 
used by thirteen German steel foundries and the 
distances from the sources of supply, and makes 
recommendations for economies in both consumption 
and transport. 

British Bonding Clays. W. Davies and W. J. Rees. 
(Journal of the Iron and Steel Institute, 1945, No. IT., 
pp. 117P-125P). War conditions made necessary an 
investigation of the characteristics of indigenous 
bonding clays which might be suitable to replace, either 
partly or wholly, imported bonding clays. Typical ex- 
amples of the three main groups of bonding clays have 
been examined, and the range of properties of synthetic 
moulding sands prepared with them is indicated. 
Experience has shown that, either alone or in ad- 
mixture, these indigenous clays can be used success- 
fully in many foundries. 

Tests on Various Core Oils and New Core Binding 
Materials. H. Wellnitz. (Giesserei, 1943, vol. 30, 
Feb. 19, pp. 53-58). Chemical and physical accept- 
ance tests for core oils are described and the results 
of bend and permeability tests on a number of core- 
sand mixtures are presented and discussed. The 
effect of substituting dextrine for a proportion of the 
core oil normally used is shown. 

Core Oils and Core Binders. K. Hiittenes. 
(Giesserei, 1942, vol. 29, Dec. 11, pp. 419-422). The 
preparation and properties of cores, in particular the 
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admixture of oil and binding compounds and their 
effects, are discussed. 

Procedure for Testing Dry Binders. F. Roll and 
Annemarie Arland. (Giesserei, 1944, vol. 31, July, 
pp. 110-113). Methods of testing core-binding 
materials such as sulphite lye, starch, dextrine, pitch, 
and clay developed by the ‘ Core-Binder’”’ Sub- 
Committee of the Verein deutscher Giessereifachleute 
are described. 

The Composition and Testing of Core Binders. 
F. Roll and Annemarie Arland. (Giesserei, 1943, 
vol. 30, Dec., pp. 272-275). There were about 200 
core binders on the market in Germany in 1942, when 
steps were taken to reduce this number and to 
economize in the use of linseed oil. In this paper 
details are given of the standard classification which 
was drawn up to meet this need. The requirements 
of cores and of core-binding materials and methods of 
"testing them are also discussed. 

Physical Testing of Core-Binding Materials. C. E. 
Schubert. (Foundry, 1945, vol. 73, Nov., pp. 91, 
192, 195, 199). The making and testing of cores 
are described. In particular, details are given of the 
tensile test at room temperature and at 250° F., of the 
determination of the amount of gas given off by 
the binder and of the loss in strength when exposed in 
a very humid atmosphere. 

Synthetic Foundry Sands with Cement as a Binder. 
K. Endell and W. Strasmann. (Giesserei, 1942, 
vol. 29, Oct. 16, pp. 349-356). After a review of the 
literature on the use of cement as a binder in moulding 
sand, with special reference to American experience, 
an investigation is reported in which the effects of the 
amounts of cement and moisture in the synthetic 
sand on its shear strength and permeability were 
studied using three German cements. There is an 
optimum moisture content for each cement which has 
to be adjusted according to the time at which the 
maximum strength is required. Ordinary Portland 
cement requires exceedingly little moisture for the 
mould to attain a high strength after 1-3 days setting 
time. Much more water is necessary with better 
quality cement. 

The Possibilities of Using Plastics as Core Binders 
and Their Success in Practice. K. Grassmann. 
(Giesserei, 1943, vol. 30, Nov., pp. 246-253). In 
seeking a substitute for linseed oil for binding core 
sands extensive tests were made with synthetic 
materials, and the results obtained are reviewed. 

Coal Dust for Moulding Purposes. fF. Roll. 
(Giesserei, 1942, vol. 29, Oct. 30, pp. 371-374). The 
addition of coal dust to moulding sand and its effect 
on the surface of the casting are discussed. The 
results of tests on twenty-one mixtures showing 
the effect of the quality and particle size of the coal 
are presented. A specification for coal dust drawn 
up by the Verein deutscher Giessereifachleute is given. 

The Effect of Moisture in the Sand on the Formation 
of Subcutaneous Blowholes in Ni-Hard (BF954) 
Castings. (Bradley’s Magazine, 1945, Dec., pp. 
3-4). An investigation to determine whether a high 
moisture content of the sand was the cause of blow- 
holes in Ni-Hard iron castings is reported. Moisture 
in the sand did not seem to affect the size or incidence 
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of the blowholes, which are probably caused by a gas 
dissolved in the liquid metal thrown out during 
solidification. A very moist sand causes a chilling 
effect which makes the surface layer hard and rigid. 
In a cast plate, the principal dimensions of which 
differed widely, there were no blowholes at all, but the 
less the three dimensions differed the larger were 
the blowholes which appeared. 

Tellurium Corewashes. J. O. Vadeboncoeur. 
(American Society for Metals, Oct., 1945, Preprint 
No. 31). The application of core-washes containing 
tellurium to grey-iron foundry practice is discussed. 
The mechanism of entry into the metal from the core- 
wash appears to be a diffusion action of either tellurium 
or tellurium-oxide vapour, and the effect is to stabilize 
the iron carbide at the core-metal interface. Methods 
of preparing the core-wash are described. 

The Technological Principles of Casting Design. 
V. M. Shestopal. (Foundry Trade Journal, 1945, 
vol. 77, Dec. 13, pp. 317-322; Dec. 20, pp. 339-346). 
Recommendations for simplifying casting design are 
made and some of the standards adopted in the U.S.S.R. 
for draft and contraction are cited. 

A New Method of Feeding Applied to Castings 
Made in Static Moulds. S. T. Jazwinski and S. L. 
Finch. (Foundry Trade Journal, 1945, vol. 77, 
Nov. 29, pp. 269-274; Dec. 6, pp. 293-303). The 
development of a method of applying pressure to the 
feeder head for steel castings in order to increase the 
yield of castings from the total weight of steel melted 
is described. The method is called ‘“ gas pressure 
feeding.” It consists of introducing into the feeder 
head before casting, a charge of material adapted, 
after a surface skin or envelope of solid metal has 
formed in the feeder head by cooling, to create a gas, 
the pressure of which will act upon the liquid metal 
to force it into the mould. An exothermic com- 
position such as a mixture of iron oxide and aluminium 
can also be introduced to supply heat to compensate 
for conduction and radiation losses. The two factors 
pressure and heat result in a globular cavity with a 
meniscus inside the feeder head. A suitable com- 
pound called “ Kayell”’ has been developed. The 
method of fixing the Kayell in the feeder head and 
means of delaying the action of the gas pressure are 
described with illustrations of sections of solidified 
feeder heads showing the cavities formed under 
different conditions. 

Precision Casting with Plastic Patterns. C. T. 
Post. (Iron Age, 1945, vol. 156, Nov. 15, pp. 54— 
59). The question of dimensional accuracy in the 
lost-wax precision-casting process in conjunction 
with reproducibility on longer production runs, has 
entailed research into pattern materials and some 
difficulties have been overcome. Injection-moulded 
polystyrene patterns do not perish as do wax patterns ; 
moreover, the former give high dimensional accuracy, 
smooth finish and improved reproducibility. 

On Casting-On Processes, Especially for Copper 
Alloys on Steel. G. Kritzler. (Giesserei, 1943, vol. 
30, Apr., pp. 101-106). The theory of joining one 
metal to another by mechanical means, adhesion, 
and diffusion is explained and the diffusion of copper 
in steel is studied in detail. 
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The Centrifugal Casting of Iron and Steel. W. A. 
Geisler. (Giesserei, 1943, vol. 30, Oct., pp. 225-234). 
A number of patented processes for the centrifugal 
casting of pipes, bushes, cylinders, gear-wheels and 
gun-barrels in iron and steel are described and 
illustrated. 

Malleable Foundry Design. (Foundry, 1945, vol. 
73, Nov., pp. 102-104, 156). A description of the 
plant and processes at a new malleable-iron foundry 
of the General Motors Corporation has already been 
given (see Journ. I. and S. I., 1945, No. II., p. 4 a). 
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In the present paper the lighting, ventilation, and 
construction of the buildings are briefly described. 

Navy Yard Foundry Meets Peak Demands. P. 
Dwyer. (Foundry, 1945, vol. 73, Oct., pp. 106- 
109, 180-188). A description is given of the large 
and highly mechanized foundry at the Philadelphia 
Navy Yard. 

Ventilating Equipment in Iron and Metal Foundries. 
G. Zweiling. (Giesserei, 1943, vol. 30, Feb. 19, pp. 
58-60). 
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Iron and Steel in the U.S.S.R. L. Evans. (Iron 
and Coal Trades Review, 1945, vol. 151, Dec. 14, pp. 
931-933). The impressions formed during a visit to 
the Magnitogorsk and other works are reported, with 
notes on the coal, coke and refractories used, the 
furnaces and mills, the management, the labour and 
the working conditions. 

Russia Recovering. R.A. Davies. 
1945, vol. 18, Nov. 30, pp. 525-530). 
given of progress made in the reconstruction of 
Russian iron and steel works which were destroyed 
during the war. 

Liquid Fuel Firing of Open-Hearth Furnaces. 
C. Wales. (Man and Metal, 1945, vol. 22, Dec., 
pp. 138-139). It is recommended that greater 
consideration be given in Great Britain to the firing 
of open-hearth furnaces with fuel oil or tar. Burners 
have been designed to take from 3 to 10 gal./min. 
A burner or “gun” at each end of the furnace 
is preferable to multi-jet systems. The average 
consumption is 6} gal./min. for 200-260-ton furnaces, 
and 43 gal./min. for 80—100-ton furnaces. 

Influence of the Charge upon Open-Hearth Furnaces. 
H. F. Lesso and R. W. McCann. (Iron and Steel 
Engineer, 1945, vol. 22, Oct., pp. 37-47). The effect 
of changes in the materials charged in the open- 
hearth furnace on the life of the roof was studied by 
collecting data on the charges of six complete cam- 
paigns on furnaces with short roof life and on four 
campaigns on furnaces with long roof life. In all, 
1400 heats were statistically analysed. In par- 
ticular the influence of the charge on the input of 
B.Th.U./hr. and on the B.Th.U./ton of steel pro- 
duced were determined and several series of curves 
demonstrating these relationships are presented. 
It was observed that the heat required per ton of 
steel produced increased steadily with increasing 
proportions of light scrap up to 22%, above which it 
decreased rapidly with the furnaces with a short roof 
life. There is an optimum proportion of pig-iron in 
the charge for each open-hearth plant which meets 
the prevailing operating conditions in an especially 
favourable manner. 

Steelmakers Test Usefulness of Electrolytic Man- 
ganese. R. T. C. Rasmussen and F. Sillers, jun. 
(Steel, 1945, vol. 117, Nov. 19, pp. 1388-143, 188- 
191). Full-scale trials in open-hearth and electric 
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furnaces are described in which electrolytic manganese 
from the Boulder City plant of the Bureau of Mines 
was used instead of ferromanganese. There was no 
significant difference in the properties of the steel 
produced. 

Recent Results from Fluidity Tests in the Melting 
of Chromium-Molybdenum Steels with and without 
Nickel in Basic Are and Open-Hearth Furnaces. 
W. Ruff. (Iron and Steel Institute, 1946, Transla- 
tion Series, No. 263). This is an English translation 
of a paper which appeared in Stahl und Eisen, 1943, 
vol. 63, June 3, pp. 438-442 (see Journ. I. and 8. L., 
1945, No. II., p. 185 a). 

Determining Lime-Silica Ratios for Open-Hearth 
Control by Mathematical Computation Using FeO and 
Fe,0, Values. J. S. Coulter. (Blast Furnace and 
Steel Plant, 1945, vol. 33, Oct., pp. 1242-1247). 
Details are given of a procedure developed by the 
Jones and Laughlin Steel Corporation for rapidly 
determining the lime/silica ratio in open-hearth 
slags. The slags are classified into four groups in 
accordance with the crystallographic properties and 
colour of crushed samples. In each group the differ- 
ence between the FeO and Fe,O, contents is related 
to the silica content and the total iron is related 
to the lime content. Formule are developed from 
these relationships which enable the lime/silica ratio 
to be calculated. 

Quality Control Testing of Semi-Finished Bars. 
E. W. Mahaney and D. W. Lloyd. (Iron and Steel 
Engineer, 1945, vol. 22, Nov., pp. 48-50). It is 
shown how statistical methods were applied for the 
investigation of steel quality, and how a control 
programme was set up by which the cost of condition- 
ing billets was considerably reduced and the production 
of defective billets was decreased by 40%. 

Practical Application of Statistical Methods in a 
Quality Control Program. W.T. Rogers. (American 
Society for Metals, Oct., 1945, Preprint No. 23). 
An attempt is made to explain in non-technical 
language how statistical methods are applied to 
control the quality of the products in various pro- 
cesses in a steelworks. One of the examples given 
is a study of the correlation of the number of re- 
jected billets to the iron content of the slag, the 
casting temperature, the ingot reheating time, the 
mould temperature, and the mould wash. 
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Effects of Deoxidation Practice. (Steel, 1945, vol. 
117, Dec. 3, pp. 114-117, 154). Prolonged service 
of steel at elevated temperatures depends on_ the 
microstructure, and this itself changes throughout 
the service life. These microstructural changes 
occurring over longer periods at high temperature 
have been studied for three carbon and six molybdenum 
steels. A relationship between spheroidization and 
graphitization in the presence of the aluminium added 
for deoxidizing is probable. Tables show how 
spheroidization and graphitization progress in steel 
at various temperatures with increasing aluminium 
additions and with different deoxidation practices. 

The Reduction of Silica by Liquid Steel. W. Geller. 
(Revue de Métallurgie, Mémoires, 1943, vol. 40, June, 
pp. 183-191; July, pp. 219-224). This is a French 
translation of a paper which appeared in Archiv fiir 
das Hisenhiittenwesen, 1942, vol. 15, May, pp. 479- 
490 (see Journ. I. and S. I., 1945, No. IIT., p. 184 4). 

Note on Oxide Systems Pertaining to Steel-Making 
Furnace Slags. A. H. Jay and K. W. Andrews. 
(Journal of the Iron and Steel Institute, 1945, No. IT., 
pp.15P-18P). An X-ray survey has been made of the 
binary systems FeO-MnO, FeO-MgO, CaO-Mn0O, 
and MgO-MnO. All systems show complete solubility 
at a temperature of 1150° C. The variation of lattice 
spacings with composition in each system is recorded. 

Electric Steel-Making in the Arc Furnace. C. 
Wissmann. (Electrochemical Society, Oct., 1945, 
Preprint No. 12). Descriptions are given of the acid 
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and basic processes of making steel in the electric-arc 
furnace. 

Some Thoughts on Experimental Electric Arc 
Furnace Smelting. H.S. Newhall. (Electrochemical 
Society, Oct., 1945, Preprint No. 13). Electric-are 
furnace design, choice of phase, electrodes, refrac- 
tories and the operation of experimental steelmaking 
furnaces are discussed. 

Electric Induction Steel “E.1.8.” FF. 'T. Chesnut. 
(Electrochemical Society, Oct., 1945, Preprint No. 
17). A review is presented of the present status of 
the application of the high-frequency induction furnace 
to steel-melting. 

A Thermal Engineer’s View of an Arc Furnace. 
V. Paschkis. (Electrochemical Society, Oct., 1945, 
Preprint No. 20). Means of increasing the melting 
efficiency of the electric-arc furnace are considered 
from the heat-transfer point of view. 

Steel-Making ; A Modern Installation of Are Fur- 
naces. (Electrical Review, 1945, vol. 137, Dec. 7, 
pp. 809-814). <A steelmaking plant comprising three 
Siemens 15-ton and one 5-ton electrode furnaces and 
accessory equipment at the works of the Brymbo 
Steel Company, Ltd., North Wales, is described. 

Safety Practices. R. L. Beeswy. (Iron and Steel 
The 
safety precautions relating to electrical machinery 
and circuits, and especially to cranes, at the works of 
the Inland Steel Company are described. 
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World’s Largest Hydraulic Presses. (Steel, 1945, 
vol. 117, Dec. 3, pp. 180-186). A description is given 
of two hydraulic presses built to forge armour plate, 
hollow forgings, and shafts for the American Navy. 
The maximum pressing force is 14,000 tons eccentric 
load capacity 6 ft. off centre; the working stroke 
is 10 ft. and the overall height 74 ft. Controls permit 
the press head to be moved to within 7 in. of any 
desired position. , 

Magnetic Core Laminations Produced at Minimum 
Cost. G. M. Shingledecker. (Machinist, 1945, vol. 
89, Dec. 29, pp. 2125-2127). The fabrication of 
magnetic core laminations is essential for the manu- 
facture of electric motors. All laminations must 
conform to rigid standards of dimensional accuracy 
and magnetic performance so that the selection of a 
good tool steel with correct stamping qualities, the 
controlled annealing of the laminations to obtain the 
desired electrical characteristics, and the use of pro- 
gressive dies of sectional type are necessary for 
ideal lamination production. 

Forging Die Design. J. Mueller. 
1945, vol. 31, Oct., pp. 633-635). Recommendations 
are made on the use of inserts in forging dies for mass- 
production work. 

Factors Affecting Die Life. A.S. Jameson. (Steel, 
1945, vol. 117, Nov. 26, pp. 101-106). A statistical 
analysis is made of factors affecting the life of the 
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dies used for cold-heading in the manufacture of bolts 
with square necks. 

Estimating Die Costs. R. Howell. (Iron Age, 
1945, vol. 156, Nov. 29, pp. 44-48). The differences 
which frequently prevail in estimating the costs of 
forging dies are due in only a small degree to 
variations in labour and material costs, but may well 
be the result of faulty or inefficient recording methods. 
In this article the author presents the costing methods 
which are employed by a company making large 
numbers of drop-forgings. ‘ 

Recent Engineering Developments Contribute to 
Greater Stamping Production. (Steel Processing, 
1945, vol. 31, Oct., pp. 636-638). Examples are given 
of the manner in which machine-gun mountings and 
other small ordnance parts were produced in large 
numbers by improvements to stamping processes. 

High Forging Temperatures Revealed by Facets in 
Fracture Tests. J. R. Strohm and W. E. Jominy. 
(American Society for Metals, Oct., 1945, Preprint 
No. 25). The occurrence of large grains or light- 
coloured facets in the fractures of forged low-alloy 
steel bars is discussed. They indicate that the forging 
temperature was too high. The critical temperature 
below which these facets did not appear was de- 
termined for a number of steels. 

Forming Tubular Products and Closing Tube Ends 
by Flame Spinning. (Steel, 1945, vol. 117, Nov. 26, 
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pp. 92-93). <A process of forming the ends of tubes 
and hollow bodies is described. The tube end is 
rotated under an oxy-acetylene multiple-tip burner 
and the closing is done with a hard-faced forming 
tool or shoe. 

Manufacture of Fine Steel Wire and Some of Its 
War Applications. J. R. Thompson. (American 
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Iron and Steel Institute: Blast Furnace and Steel 
Plant, 1945, vol. 33, Oct., pp. 1248-1252, 1276, 
1277). 

Coatings and Lubricants. (Wire Industry, 1945, 
vol. 12, Nov., p. 575). The characteristics and 
limitations of lime as a wire-drawing lubricant 
are discussed. 
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The Rolling of Metals: Theory and Experiment, 
L. R. Underwood. (Sheet Metal Industries, 1945, 
vol. 22, Aug., pp. 1360-1366; Sept., pp. 1535-1545 ; 
Oct., pp. 1719-1724, 1736; Nov., pp. 1905-19138; 
Dec., pp. 2089-2095). The discussion of the inter- 
action of roll diameter, dimensions and nature of 
material, etc., in the rolling of metals is continued in 
Parts V., VI., and VII., which deal respectively with 
the factors affecting the yield stress in cold- and hot- 
rolling, external friction between the rolls and the 
material, and factors influencing rolling load and 
specific roll pressure. (See Journ. I. and §. I., 1945, 
ING tes DELO LA). 

Rail and Structural Mill for Volta Redonda Plant 
Designed for Varied Output. C.Longenecker. (Blast 
Furnace and Steel Plant, 1945, vol. 33, Sept., pp. 
1108-1112). A description is given of the rolling- 
mill plant which will shortly be put in commission 
at the Volta Redonda steelworks in Brazil. 

Bethlehem Centralizes Bar Mills. (Iron Age, 1945, 
vol. 156, Nov. 15, p. 77). A continuous high-speed 
10-in. merchant bar mill, with a monthly capacity 
of 22,000 tons in sizes of 3 to 14in. rounds at one of 
the Bethlehem Steel Company’s works is described. 

Rolling of Large Diameter Tubes. (Machinery, 
1945, vol. 67, Nov. 22, pp. 568-570). A mill is de- 
scribed for rolling pierced billets to construct hollow 
bodies up to 40 ft. long and from 4 to 6 ft. in dia. 

Electric Equipments for a 16-Stand Tube Mill. 
A. L. Thurman. (Blast Furnace and Steel Plant, 
1945, vol. 33, Oct., pp. 1235-1241, 1247). Descrip- 
tions of modern tube-reducing mills are given. An 
example is a 16-stand mill with the stands only 123 in. 
apart. This is capable of reducing 43-in. dia. tubing 
down to ? in. in dia., the exit speed being 300 to 
500 ft./min. 

The Manufacture of Butt-Welded Pipe. N. W. 
Richardson. (Iron and Steel Engineer, 1945, vol. 22, 
Nov., pp. 64-68). The Fretz-Moon process of making 
pipes by continuous butt-welding and the requisite 
plant are described and illustrated. Important 
advantages are reduced costs of operation and main- 
tenance, and higher yield and quality. Mills of this 
type are in operation in the United States, England, 
Australia, Russia, Germany, and Canada. 


Improving Production in the Finishing Shop of a 
Plate Mill by Work- and Time-Studies on the Straight- 
ening Rolls. Part If. E. Kratschmar. (Archiv 
fiir das Hisenhiittenwesen, 1942, vol. 16, July, pp. 
39-44). Continuation of a previous article. (See 
Journ. I. and §. I., 1948, No. II., p. 82 4). 

Work-, Time-, and Cost-Studies, Explained by the 
Example of the Cutting of Plates with Hydraulic 
Shears. Part III. E. Kratschmar. (Archiv fir 
das Hisenhiittenwesen, 1942, vol. 16, Sept., pp. 117- 
127). Conclusion of a series of articles (see preceding 
abstract). 

Rolling Mill Guides. W. F. Hoffman. (Iron and 
Steel Engineer, 1945, vol. 22, Nov., pp. 69-79). 
Problems in the design of entry and exit guides 
for rolling mills are discussed and many designs of 
guides are described and illustrated. 

Cooling Beds and Transfers. C. L. Raisig. (Iron 
and Steel Engineer, 1945, vol. 22, Nov., pp. 37-47). 
Several modern cooling beds for rolled bars are de- 
scribed in detail and the requirements for an efficient 
bed are discussed. They should be flexible enough to 
meet all operating demands. Useful data are given 
correlating the dimensions of various sections and 
the cooling times required. 

Electronic Controls. EF. Roberson. (Iron and Steel 
Engineer, 1945, vol. 22, Oct., pp. 59-61). Some 
applications of electronic devices for controlling 
machinery in the iron and steel industry are described 
and illustrated. ; 

Rectifiers in the Steel Industry. F. Mohler. (Iron 
and Steel Engineer, 1945, vol. 22, Oct., pp. 66-74). 
The theory of current rectifiers is explained with 
descriptions of phanotron or thyratron, ignitron, 
and metal plate rectifiers and their applications in the 
steel industry. 

Continuous Gaging with X-Ray Micrometer. 
Woods and F. Fua. (Iron Age, 1945, vol. 156, 
Nov. 29, pp. 50-51). The thickness of sheet in motion 
can be gauged with high sensitivity by a device which 
combines X-rays and electronic instruments. The 
method described can be applied to measure the wall 
thickness of long metal tubes at any point, and in the 
case of coated metals the thickness of the coating and 
that of the base metal can be measured independently. 
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Some Practical Aspects of Pyrometry. R. G. 
Ackland. (Australian Institute of Metals: 
Australasian Engineer, Science Sheet, 1945, Sept. 7, 
pp. 9-16). The theory and practice of pyrometry is 
surveyed with descriptions of thermocouples, milli- 


voltmeters, potentiometric instruments, optical pyro- 
meters and methods of checking instruments. 
Pyrometry. H. J. Smith. (Metal Industry, 1945, 
vol. 67, Dec. 14, pp. 395-397 ; Dec. 21, pp. 415-417). 
Developments in the design of new pyrometric 
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equipment and its application to industrial plant 
during the last six years are reviewed. : 

The Design and Performance of Some Commercial 
Optical Pyrometers of the Disappearing-Filament Type. 
C. R. Barber. (Journal of the Iron and Steel Insti- 
tute, 1945, No. II., pp. 171 p-188P). A critical exam- 
ination has been made of five models of commercial 
portable optical pyrometers of the disappearing- 
filament type, with reference to the design of the lamp, 
the optical system, the monochromatic and neutral 
filters, and the measuring system. 

It has been shown that in many cases the lamp 
filaments are too short to be free from end-effect, 
and the advantages of the use of a flat-filament in this 
and other respects are discussed. The size and 
position of the diaphragms of the optical system 
were in some examples not in accordance with those 
necessary for obtaining perfect disappearance of the 


filament. The transmission curves of the mono- 
chromatic and neutral filters are given, and the 
requirements of the combination of the two filters 
are examined. A current or voltage calibration of the 
lamp may be employed and the advantage of the latter 
for short filaments is pointed out. The potentiometer 
method used in one pyrometer has considerable 
merit. 

The Measurement of Heat Flow from Furnace 
Walls. C. B. Bradley. (American Society of 
Mechanical Engineers: Industrial Heating, 1945, 
vol. 12, Aug., pp. 1318-1320). Methods of measur- 
ing the flow of heat through a furnace wall are dis- 
cussed and a device consisting of two thermocouples 
mounted in bakelite for fixing to slabs of insulating 
material is described; this is used to measure the 
insulating efficiency of the slab. Practical difficulties 
encountered with this method are pointed out. 
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The Application of Ms Points to Case Depth Measure- 
ment. E. S. Rowland and S. R. Lyle. (American 
Society for Metals, Oct., 1945, Preprint No. 24). 
A method of measuring case depth has been described 
previously by the authors (see Journ. I. and 8S. [., 
1945, No. II., p. 111 a). Im the present paper the 
results obtained when applying the method to a 
number of low-alloy chromium-nickel steels with 
carbon ranging from 0:40% to 1% are presented and 
discussed. 

Time-Temperature Transformation Curves for Use 
in the Heat-Treatment of Cast Steel. C. T. Eddy, 
R. J. Marcotte and R. J. Smith. (American Institute 
of Mining and Metallurgical Engineers, Technical 
Publication No. 1846: Metals Technology, 1945, 
vol. 12, Sept.). An investigation is reported the 
objects of which were: (1) To determine the S-curves 
for a 0:30°%-carbon steel and three low-alloy chromium- 
nickel steels; (2) to ascertain whether the published 
S-curves for wrought steels can be used for cast steels 
of similar composition; and (3) to prepare S-curves 
for a number of low-alloy cast steels. For the four 
steels referred to in (1) it was found that there were 
only very slight differences between the curves for the 
wrought and the cast steels of similar composition. 

Time-Temperature Relations in Tempering Steel. 
J. H. Hollomon and L. D. Jaffe. (American Institute 
of Mining and Metallurgical Engineers, Technical 
Publication No. 1831: Metals Technology, 1945, 
vol. 12, Sept.). A study was made of the tempering 
of fully quenched steels differing only in carbon con- 
tent, tempered over a wide range of time at tempera- 
tures from 65° F. to just below the critical point so 
as to establish a method of finding the combinations 
of temperature and time that produce the same 
hardness. The experimental details and the results 
obtained are given in Part I. and the method developed 
for the application of the results is described in Part IT. 

Coalescence of Cementite in the Products of the 
Decomposition of Austenite. H. Jolivet. (Revue 


de Métallurgie, Mémoires, 1943, vol. 40, Feb., pp 
33-47; Mar., pp. 65-72). After discussing the 
principles on which the coalescence process in the solid 
solution is based, the author presents the results of his 
investigations and draws the following conclusions : 
The coalescence of cementite in the products of the 
decomposition of austenite takes place on heating 
the steel to below the Ac, point, and the finer the 
initial structure of the steel, the more rapid is the 
process; (2) the process of transformation is con- 
nected with the diffusion and dissolution of carbides ; 
(3) the results of the heat-treatment can be estimated 
by microscopical examination, and the process cor- 
rected if necessary ; (4) the determination of the size 
of the grains, by a method suggested by the author, 
considerably improved the results obtained. 

Softening of Steel by the Isothermal Transformation 
of Austenite. F. F. Dodson. (Machine Shop Maga- 
zine, 1945, vol. 6, Nov., pp. 87-90). A comparison 
of ordinary annealing and isothermal annealing is 
presented. Each type of steel has its own optimum 
temperature for isothermal treatment, and to achieve 
the best results it is necessary to find the temperature 
at which the austenite begins to transform and the 
time taken for complete transformation. It is 
essential to allow sufficient time at the austenitizing 
temperature to bring the constituents to one homo- 
geneous solid solution, and to control closely the 
temperature during the transformation period. 

Heat-Treatment Study of Pearlitic Malleable Cast 
Iron. R. W. Lindsay and J. E. Atherton, jun. 
(American Foundryman, 1945, vol. 8, Sept., pp. 
27-32). An investigation of the effects of two heat- 
treatments on the properties and microstructure of 
pearlitic malleable cast iron is reported. In the 
first, specimens were quenched in oil and tempered 
at subcritical temperatures for various lengths of time, 
and in the second, specimens were quenched to various 
subcritical temperatures at which they were held for 


different times. At a given tempering temperature 
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in the first treatment, the hardness of the martensitic 
structure decreased rapidly in the initial stages 
and then more gradually as the tempering time 
was lengthened. Isothermal transformation at from 
1200° F. down to 1000° F. produced nodular pearlite 
which increased in fineness as the transformation 
temperature decreased. Isothermal transformation 
at below 1000° F. produced the acicular structure 
known as bainite. 

Liquid Carburizing. J. O. Parker. (Australian 
Institute of Metals: Australasian Engineer, 1945, 
Oct., pp. 37-46). An account is given of the process 
of liquid-carburizing. The following aspects are 
discussed : Application and limitations of the process, 
selective carburizing, furnaces, containers, salts, 
bath control, nature of the process, and several 
methods of testing. The selection of suitable steels, 
recommended designs, effect of carbon content, case 
hardness and core toughness are also dealt with. 

The Flame-Hardening of Different Qualities of 
Cast Iron. G. Kritzler and H. Killing. (Giesserei, 
1942, vol. 29, Dec. 25, pp. 429-437). Several series 
of tests were made on bars 28 mm. in dia. of six 
qualities of cast iron to determine the effect of flame- 
hardening. The iron analyses ranged from 0-09% 
to 0:78% of combined carbon with 3-66% to 1:63% 
of silicon, and one contained 0-56% of molybdenum. 
A marked increase in the surface hardness of the 
ferritic cast iron was obtained by flame-hardening, 
and there was some increase in the core hardness on 
heating in a furnace and quenching which was not 
entirely accounted for by the heat-treatment alone. 
Chemical and metallographic examination showed that 
the matrix took up carbon from the graphite. A 
surface hardness as high as Brinell 550 was obtained 
with the pearlitic cast irons. All the hardened irons 
maintained their hardness on applying tempering 
treatments at 250-300° C. even after 200 hr. In 
the ferritic cast iron the combined carbon was in- 
creased from 0:09% to 1-03°% by the furnace treat- 
ment, whereas with flame treatment for 25 sec. it in- 
creased to 0:7%,. 

Induction Hardening and Austenitizing Character- 
istics of Several Medium Carbon Steels. D. L. Martin 
and W. G. Van Note. (American Society for Metals, 
Oct., 1945, Preprint No. 17). The hardenability 
and transformation characteristics of a 0-50%- 
carbon steel, a 1-50%-manganese steel, a 3-50%- 
nickel steel, a chromium-nickel steel, and a manganese- 
silicon steel were studied to determine their suitability 
for induction-hardening. The steels with low Ac, 
and Ac, temperatures, little or no free ferrite, and 
medium to deep hardenability were ideal for induction- 
hardening. 

Metallurgical Characteristics of Induction-Hardened 
Steel. J.W. Poynter. (American Society for Metals, 
Oct., 1945, Preprint No. 22). A comparison is made 
between the effects of induction-hardening and 
ordinary furnace-heating and quenching of bars of 
steel S.A.E. 4340 (a chromium-nickel-molybdenum 
steel). In the former case the depth of hardening is 
increased by increasing the heating time and reducing 
the power input, or by raising the surface temperature. 
The hardness depth is more easily controlled by the 


DRIP IN 


power input and time than by changes in the current 
frequency. What is often called “ superhardness ” 
in some induction-hardened steel seems to be related 
to the existence of internal stresses and is not caused 
by the induced currents. 

Spark-Gap Converter as High-Frequency Power 
Source for Induction Heating. O.Weitmann. (Steel, 
1945, vol. 117, Nov. 19, pp. 114, 130-132). The design 
of spark-gap converters and the circuits which have 
been developed for induction heating are discussed. 

The Place of Radiant, Dielectric and Eddy-Current 
Heating in the Process Heating Field. L. J. C. 
Connell, O. W. Humphreys, and J. L. Rycroft. 
(Journal of the Institution of Electrical Engineers, 
1945, vol. 92, Dec., pp. 464-465). Factors influencing 
the selection of one of the following methods of 
heating for a given industrial process are considered : 
(1) Conduction; (2) convection; (3) radiation; 
(4) dielectric heating ; and (5) eddy-current heating. 

Nitriding Engine Parts. W. Roth. (Steel, 1945, 
vol. 117, Nov. 19, pp. 123, 184-187). Plant and 
equipment for nitriding aero-engine cylinders, gears 
and crankshafts are described and illustrated. 

A Mechanism of the Surface Decarburization of 
Steel. W. A. Pennington. (American Society for 
Metals, Oct., 1945, Preprint No. 30). A study was 
made of the decarburization of an ordinary carbon 
steel of eutectoid composition at temperatures in the 
690-925° C. range. A mixture of hydrogen and 
water vapour was used to effect the decarburization. 
Micrographs are presented showing the progress of 
decarburization with time at the different tempera- 
tures. Distinct ferrite banding was found where the 
decarburization was carried out in the critical range 
(730-895° C.). There was banding below the lower 
critical poimt at 690° C., but it was not so distinct ; 
there seemed to be no banding whatever at above 
the upper critical point. It is suggested that the 
carbon reaches the surface by diffusing in solid solu- 
tion as either dissolved elementary carbon or iron 
carbide, regardless of whether the iron is in the aus- 
tenitic or ferritic condition. 

Preventing Surface Decarburization in Large 
Shaved Transmission Gears. EK. G. de Coriolis. 
(Iron Age, 1945, vol. 156, Nov. 29, pp. 56-61). The 
methods and equipment used by a tank manufacturer 
for heat-treating large transmission gears after 
“ shaving” are presented. The procedure described 
involves several innovations, notably the prevention 
of surface decarburization by the use of bell-type 
furnaces in which the gears are allowed to cool to 
less than 1000° F. before removal and subsequent 
hardening. 

Heat-Treating Tank Parts in Buick Plant. (In- 
dustrial Heating, 1945, vol. 12, Aug., pp. 1292- 
1316). An illustrated description is given of a 
special heat-treating installation of the General 
Motors Corporation for the gas-carburizing, hardening, 
and tempering of parts for tank drives. 

High-Speed Metal-Heating with Burners Radiant 
Ceramic. H. W. Smith, jun. (Engineering Materials 
and Processing Methods, 1945, vol. 22, Oct., pp. 1074— 
1078). A description is given of a ceramic gas burner 
for heat-treatment furnaces. The burner is cup- 


264 


shaped and recessed into the wall, and the design is 
such that the surface of the cup becomes incandescent 
so that the charge is heated by radiation. 

Heat-Treatment. (Automobile Engineer, 1945, 
vol. 35, Nov., pp. 505-507). A description is given 
of a small vertical cylindrical forced-air-circulation 
furnace for heat-treating at temperatures up to 
about 700° C. It is equipped with two thermo- 
couples recording the temperatures of the furnace 
and the charge on the same chart. 

The Possibilities of Water-Quenching Certain 
Special Substitute Steels. G. Delbart and G. Wiltz. 
(Revue de Métallurgie, Mémoires, 1943, vol. 40, Nov., 
pp. 338-342). Tensile and impact specimens of 
chromium and chromium-vanadium steels, taken from 
25-mm. billets, were subjected to water-quenching 
under different conditions, followed by tempering 
for 6 hr. at 650° C. The effect of quenching was 
observed, and tensile and impact tests were made 
as well as microscopical examination. It was found 
that slower or interrupted quenching seemed to be 
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the best way to achieve a satisfactory hardening 
effect. The ageing symptoms were also investigated 
by means of Mesnager impact tests carried out after 
different treatments. 

Quenching of Steel Balls and Rings. V. Paschkis. 
(American Society for Metals, Oct., 1945, Preprint 
No. 20). The temperature-time-volume relationships 
obtained when quenching steel spheres and cylindrical 
rings were investigated using the heat and mass 
flow analyser at Columbia University. General 
curves for spheres are presented which show the 
delaying effect of the heat of transformation in the 
250-150° C. range. Data on the changes in the thermal 
conductivity and specific heat with temperature 
are also presented and discussed. 

Production Cold-Treatment. A. J. T. Eyles. 
(Mechanical World, 1945, vol. 118, Nov. 16, pp. 
543-545). The theory of the effect of cold-treatment 
in assisting the complete transformation of austenite 
to martensite in tool steels is explained, and procedures 
for treating various tools at —120° F. are given. 
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Welding Mild Steel. H. O. Westendarp, jun. 
(Steel, 1945, vol. 117, Nov. 26, pp. 94-95, 123). Data 
are presented on the rates at which metal is deposited 
when welding mild steel at different current strengths 
using electrodes to the American Welding Society 
specifications, as well as on the properties of the 
welded joint obtained. 

Brazing Alloy Tool Tips by Induction Heating. 
T. A. Vernor and E. F. Adams. (Steel Processing, 
1945, vol. 31, Oct., pp. 652-653). An illustrated 
description is given of the equipment and process 
for utilizing induction heating for the brazing of tung- 
sten-carbide tips to mild steel tools. 

Aluminium Bonded to Steel or Cast Iron. M. G. 
Whitfield and V. Sheshunoff. (Engineering Materials 
and Processing Methods, 1945, vol. 22, Oct., pp. 
1090-1096). Applications of the Al-Fin process of 
bonding aluminium to cast iron and steel are de- 
scribed with details of tests on the strength of the 
joint. The principal applications are fixing alumin- 
ium cooling fins on aero-engine cylinders, and making 
steel-backed aluminium bearings. 

Modern Electric Weld Tube Mills. J. Lucas. 
(Iron and Steel Engineer, 1945, vol. 22, Oct., pp. 50- 
57). The development of machines for the con- 
tinuous electric welding of strip into tubes of small 
and large diameter is described and illustrated. 

Chemical Factors Affecting the Welding Properties 
of Stabilized 18-8 Stainless Steel. F. H. Page, jun. 
(Welding Journal, 1945, vol. 24, Oct., pp. 929-932). 
An investigation of the welding properties of 208 
heats of stainless steel stabilized with titanium and 
36 stabilized with columbium is reported. The 
results indicated that the cost of oxy-acetylene or 
atomic-hydrogen welding these steels may be materially 
decreased by slight changes in the chemical composition 


within the existing United States Army and Navy 
specifications. 

The Spot Welding of NE 8715, NE 8630 and SAE 
4340 in the 0-125-In. Thickness. W. F. Hess, W. D. 
Doty, and W. J. Childs (Welding Journal, 1945, 
vol. 24, Oct., pp. 521-S-530-S). This report describes 
work done for the War Production Board by the 
Rensselaer Polytechnic Institute in determining the 
optimum conditions for making tempered spot welds 
in three chromium-nickel-molybdenum steels. The 
tempering of the weld in the welding machine greatly 
improves the mechanical properties of the joint 
and makes it possible to spot-weld steels which are 
unweldable by conventional methods. 

The Causes of Fissure Formation Tendency in 
Welded Chromium-Molybdenum Structural Steels. 
A. Antonioli. (Iron and Steel Institute, 1946, 
Translation Series, No. 261). This is an English 
translation of a paper which appeared in Stahl und 
Hisen, 1942, vol. 62, June 25, pp. 540-545 (see Journ. 
I. and 8. I., 1943, No. I., p. 18 4). 

Underwater Welding. J.R. Morrill. (Steel, 1945, 
vol. 117, Dec. 3, pp. 112-113, 153). Techniques for 
welding under water are described which were 
developed for the salvage of sunken vessels and 
repairing damaged ships, pipes and tanks. 

Limitations in the X-Ray Testing of Welds. G. A. 
Homes and A. Portevin. (Revue de Métallurgie, 
Mémoires, 1943, vol. 40, Apr., pp. 97-107). Among 
the many factors which influence the X-ray testing 
of welds, the nature, size and location of defects are 
of great importance, and they form the subject 
discussed in this report. Artificially produced defects 
in welds are examined, and it is shown that certain 
internal defects cannot be detected by the X-rays 
alone; this method should be supplemented by 
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magnetic examination. This applies particularly 
to gas and slag inclusions the size of which is less than 
5% of the thickness penetrated by the X-rays. 

Removal and Repair of Steel Casting Defects. 
R. A. Pomfret. (American Foundryman, 1945, vol. 
8, Sept., pp. 48-53). The techniques for cutting 
defective areas out of steel castings with the oxy- 
acetylene torch and of filling in with weld metal are 
described. 

Some Developments in Oxy-Acetylene Applications. 
G. E. Bellew. (Iron and Steel Engineer, 1945, vol. 
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22, Oct., pp. 62-65). Applications of oxy-acetylene 
cutting in the steelworks are reviewed. These in- 
clude deseaming billets, cutting risers from castings, 
and repairing ingot-stripper bits and tongs. 

Recent Developments in Machine Flame Cutting. 
E. H. Witt. (Australian Welding Institute: Aus- 
tralasian Engineer, 1945, Oct., pp. 51-54). The 
present position of the machine flame-cutting process 
is outlined and different types of machines are de- 
scribed. Stack and heavy cutting, and the economic 
side of the process are dealt with. 
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Milling Cast Iron with Carbide Cutters. (American 
Society of Mechanical Engineers: Machinery, 1945, 
vol. 67, Dec. 20, pp. 689-697). An extensive in- 
vestigation is reported of the inter-relationship of 
tooth design, cutting speed, feed per tooth, type of 
cast iron, tool life, power required, and cost when 
milling cast iron with carbide-tipped cutters. 

The Use of Carbide Tools. J. Jaquet. (Revue de 
Métallurgie, Mémoires, 1943, vol. 40, Aug., pp. 
225-231). Rational methods and practical hints 
for the utilization of carbide tools are given, and the 
factors contributing to a higher production efficiency 
in comparison with high-speed steel tools are dis- 
cussed. 

Nomographs for Analysis of Metal-Cutting Processes. 
M. E. Merchant and N. Zlatin. (Mechanical Engineer- 
ing, 1945, vol. 67, Nov., pp. 737-742). In this paper 
a number of charts and nomographs dealing with 
variables such as coefficient of friction, shear stress, 
frictional force, shear velocity, and cutting ratio, 
are presented for analysing all orthogonal cutting 
processes wherein a continuous chip is produced. 
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(An orthogonal cutting process is one wherein the tool 
has a single straight cutting edge perpendicular to the 
direction of the tool motion relative to the work). 
Detection, Causes and Prevention of Injury in 
Ground Surfaces. L. P. Tarasov. (American Society 
for Metals, Oct., 1945, Preprint No. 26). Information 
on injury to ground metal surfaces which is widely 
scattered in the literature is reviewed and supplemented 
by the author’s work on stresses in ground surfaces. 
The subject is dealt with in the following order: 
(1) Methods of-detecting cracks, stresses and burns 
in ground surfaces; (2) cracks and crack patterns, 
including those occurring spontaneously during 
or after grinding and cracks revealed by etching; 
(3) metallurgical factors which have repeatedly been 
shown to cause hardened steels to be sensitive to 
cracking during grinding; (4) decreasing this sensi- 
tivity by improving the heat-treatment; (5) the 
extent to which surface cracks may be injurious having 
regard to the subsequent application of the ground 
part; and (6) methods by which stresses can be 
eliminated from surfaces after final grinding. 
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Cast Iron as a Material. E. Piwowarsky. 
(Giesserei, 1943, vol. 30, June, pp. 141-152). The 
properties of cast iron and its development as a 
constructional material are reviewed. Qualities of 
cast iron have been developed which can be rolled, 
forged, and pressure-die-cast. The Nipper rolling 
process for cast iron is referred to and brief details 
are given of a method of reinforcing iron castings 
with a very low carbon steel containing from 1% to 
3% of silicon according to the thickness of the 
casting. 

The Degzee of Saturation and the Tensile Strength 
of Cast Iron. F. Bischof. (Giesserei, 1942, vol. 29, 
Dec. 25, pp. 437-439). The literature on*formule 
for the degree of carbon saturation in cast iron 
and for the relation between the tensile strength and 
the saturation is reviewed, and difficulties in the 
determination of the tensile strength from the 
composition are discussed. 


Gray Cast Iron. T. E. Barlow and C. H. Lorig. 
(American Foundryman, 1945, vol. 8, Sept., pp. 
57-63). The relationships between the tensile strength, 
Brinell hardness and composition of grey cast iron 
are discussed. 

Some Problems of the Metallic State. Sir Lawrence 
Bragg. (North-East Coast Institution of Engineers 
and Shipbuilders: Iron and Steel, 1945, vol. 18, Nov. 
30, pp. 531-535). See p. 12 a. 

Complex Properties in Metallurgy. A. Portevin. 
(Revue de Métallurgie, Mémoires, 1943, vol. 40, June, 
pp. 161-174). In addition to properties normally 
defined by scientific standard methods, there exist 
many other characteristic features of metals, such as, 
for example, flowability, forgeability, machinability, 
weldability, hardenability, corrodibility, etc., upon 
which the successful application of the metal depends. 
Taking into consideration the interdependence of 
these properties, which complicates production prob- 
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lems, the author stresses the necessity of examining 
them and recommends methods of testing. 

Fracture of Metals Under Combined Stresses. 
D. J. McAdam, jun. (American Society for Metals, 
Oct., 1945, Preprint No. 29). The manner in which 
combined stresses contribute to brittle fracture is 
discussed. For a specific temperature, rate of de- 
formation, and amount of previous plastic deforma- 
tion, the resistance of a metal to fracture (the technical 
cohesive strength) may be represented by a curved 
surface in a diagram with the three principal stresses 
as co-ordinates. From two-dimensional diagrams 
based on the experiments of several investigators, 
three-dimensional diagrams have been derived to 
represent the technical cohesive strength of brittle 
and ductile metals. 

The Fracture Stress of Steel. C. Zener. (Reviews 
of Modern Physics, 1945, vol. 17, Jan., pp. 20-26). 
A review of the results of research work at Water- 
town Arsenal on the fracture stress of steels is presented. 
The fracture-stress curve is that curve which gives 
for each strain the stress at which the material would 
fracture if further plastic deformation could be 
prevented ; this curve and the flow-stress curve are 
discussed. If the fracture stress is to be controlled, 
the size of the microcracks within the steel must be 
controlled. The microcracks are in some way re- 
lated to the interfaces between the various phases. The 
role of physicists in such investigations is considered. 

The Theory of Strain and the Fracture of Solids 
with Special Reference to Deformation in Iron. A. 
Hichinger. (Archiv fiir das Hisenhitittenwesen, 1944, 
vol. 18, Sept.-Oct., pp. 73-88). The process of slip 
in metals is irreversible. As long as the intermediate 
conditions exist the rigid values applicable to the 
equilibria can be used only in a hypothetical sense. 
Because of the many ways in which the final condition 
is affected by the previous history, new factors (e.g., 
energy and impulse distribution, laminar and turbulent 
flow) must be sought, and these can only be found by 
a deeper study of the constitution of matter. The 
conditions influencing the deformation of iron are 
critically examined and discussed. 

The Notched-Bar Impact Strength of Cast Steel at 
Low Temperatures. H. Juretzek and W. Trommer. 
(Giesserei, 1943, vol. 30, Jan. 22, pp. 21-24).. The 
value of the impact test as a criterion of the behaviour 
of low-alloy cast steels at temperatures down to 
—180° C. is discussed and the literature is reviewed. 
The results of impact tests at -+20°, —80°, and 
—180° C. on steels alloyed with combinations of three 
of the following elements: Nickel, manganese, alumin- 
ium, chromium, silicon and vanadium, are presented. 

Effects of Cold-Rolling on the True Stress-Strain 
Properties of a Low-Carbon Steel. F.J.Mehringer and 
C. W. MacGregor. (American Institute of Mining 
and Metallurgical Engineers, Technical Publication 
No. 1849: Metals Technology, 1945, vol. 12, Sept.). 
The effects of cold-rolling on the true stress-strain 
properties of a low-carbon steel were investigated 
for total reductions up to 95%. Tension tests were 
made on the material after nearly complete ageing 
had taken place. The influence of heterogeneity and 
of the orientation of the specimen relative to the 
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rolling direction were studied. The magnitude of the 
strain-ageing was also determined using true stress- 
strain relationships. 

Stress Comparisons by Correlations with High 
Frequency Magnetic and Eddy Current Losses. P. E. 
Cavanagh. (American Society for Metals, Oct., 1945, 
Preprint No. 3). The possibility of using a high- 
frequency oscillator, the output of which is governed 
by magnetic and eddy-current losses, to make practical 
comparisons of stresses in metals is examined. Pre- 
liminary experiments are described which establish 
the fact that there is a correlation between high- 
frequency core losses and internal stresses. Examples 
are cited of the application of this method of testing 
to determine the optimum time of shot-peening 
required to produce compressive stresses at the surface 
of bars subjected to fatigue, and for predicting fatigue 
failures. 

Relationships between the Deep-Drawing Properties 
of Autobody Sheet, Its Austenitic Grain Size and 
McQuaid-Ehn Carburizing Characteristics. K. J. B. 
Wolfe. (American Society for Metals, Oct., 1945, 
Preprint No. 27). An investigation of the causes of 
splitting during the intermediate forming operation in 
deep-drawing steel sheets is reported. Carburizing 
tests were carried out on samples from two batches, 
one giving consistently good results and the other 
consistently bad results in forming operations. 
The samples in the former case had fine austenite 
grains, whereas in the latter case they were coarse. 
The theory is advanced that this grain size depends 
on the distribution of carbide particles in the sheets 
and consequently on the carbide segregation in the 
ingot stage. 

The Flowability of Metals and Alloys. P. Bastien. 
(Revue de Meétallurgie, Mémoires, 1943, vol. 40, 
Dec. pp. 353-367). After discussing the laws of 
flowability of pure metals and alloys of bimary and 
ternary systems the author gives the results of his 
experiments with a 0-25°%-carbon open-hearth steel. 
The influence of temperature and of aluminium and 
silicon additions on the flowability of steel is de- 
scribed. The flowability is closely related to viscosity 
and superficial tension, and the testing of flowability, 
apart from being very useful in foundry practice, may 
serve as a helpful means of determining the solidifica- 
tion diagram for a given alloy. 

Photo-Grid Techniques for Measuring Distortion. 
(Iron Age, 1945, vol. 156, Nov. 8, pp. 78-81). A 
technique, developed by an American corporation 
manufacturing aeroplanes, for producing grids on 
metal specimens is described. The grids are used for 
measuring distortion in tensile, punching, and drawing 
tests. Grids with 10 or 100 lines/in. can be produced. 

_Secondary Mechanical Properties. Internal Fric- 
tion, Viscous Relaxation, Reactivity, Poisson’s 
Ratio. P. Chevenard. (Revue de Métallurgie, 
Mémoires, 1943, vol. 40, Oct., pp. 289-300). The 
theory of resistance is based on the assumption that 
metals remain perfectly elastic below the limit of 
elasticity. The study of secondary mechanical 
properties, presented by the author, forms a valuable 
contribution to the recent research work which seeks 
to determine to what extent metals differ from a 
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perfectly elastic solid. The most sensitive parameter 
which defines this difference is the value of internal 
friction, measured by the Coulomb micro-pendulum. 
Poisson’s ratio serves the same purpose. The 
Coulomb micro-pendulum and apparatus for measur- 
ing the Poisson’s ratio are described in detail. 

An Investigation of Different Qualities of Malleable 
Cast Iron with Reference to Their Torsional Fatigue 
Strength in the Smooth and Notched State, and Their 
Damping Capacity. J. Geiger. (Giesserei, 1943, 
vol. 30, Mar. 19, pp. 85-92). An earlier investigation 
of the damping capacity of cast iron (see Journ. I. 
and 8. I., 1940, No. I., p. 205 a) has been extended 
to cover malleable cast iron. The results of damping 
measurements and torsional fatigue tests on three 
qualities of malleable cast iron using smooth, drilled 
and notched specimens are reported and discussed. 
The damping capacity was much higher than that 
of steel and the torsional fatigue strength was also 
higher. As the iron has good casting properties 
and is hardenable it is recommended for making aero- 
engine crankshafts, and tests on full-size crankshafts 
instead of on small specimens should be carried out. 

Factors Affecting the Hardenability of Boron- 
Treated Steels. R. A. Grange and T. M. Garvey. 
(American Society for Metals, Oct., 1945, Preprint 
No. 10). The hardenabilities of four series of carbon 
steels (containing 0-40%, 0-52%, 0-63%, and 0-75% 
of carbon respectively), to each of which measured 
amounts of boron were added, are compared. The 
increase in hardenability due to boron is correlated 
with the boron content determined by a chemical 
method and with the amount of a characteristic 
constituent which appears in boron-treated steels 
after special heat-treatment. The increase in harden- 
ability which results from the addition of the optimum 
amount of boron decreases with increasing carbon 
content ; the inference is that boron will not increase 
the hardenability of hypereutectoid steel. 

Determination of Most Efficient Alloy Combinations 
for Hardenability. H. E. Hostetter. (American 
Institute of Mining and Metallurgical Engineers, 
Technical Publication No. 1905: Metals Technology, 
1945, vol. 12, Sept.). Hardenability increment 
factors for chromium, nickel, and molybdenum are 
presented. These take into account the relative 
costs of these three elements when added to steel 
and the changes in the Grossmann “ ideal critical 
diameter ” of bar (i.e., the size that will just harden 
to a 50%-martensite structure at the centre when 
given the fastest possible quench) with different 
additions. An explanation, with examples, is then 
given of a method of using the increment factors to 
determine the most economical composition which 
will result in a given hardenability. 

Relationship between Hardenability and Percentage 
of Martensite in Some Low Alloy Steels. J. M. Hodge 
and M. A. Orehoski. (American Institute of Mining 
and Metallurgical Engineers, Technical Publication 
No. 1800: Metals Technology, 1945, vol. 12, Sept.). 
The relationships between hardenability based on a 
50%-martensite microstructure and hardenability on 
the basis of higher proportions of martensite have 
been studied by means of a metallographic survey 
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of specimens subjected to the end-quench harden- 
ability test. The results are presented by graphs 
which: (a) Correlate the hardenability on the 50% 
martensite basis with the hardenabilities on the basis 
of 99-5%, 95%, 90%, and 80% martensite structures ; 
(b) correlate the calculated and actual hardenabilities 
on the basis of 99-9%, 95°%, 90%, and 80% martensite 
structures ; and (c) correlate the carbon content and 
the hardness of 99-99%, 95%, 90%, 80%, and 50% 
martensite structures. 

The Influence of Titanium on the Hardenability of 
Steel. G. F. Comstock. (American Institute of 
Mining and Metallurgical Engineers, Technical Pub- 
lication No. 1904: Metals Technology, 1945, vol. 12, 
Sept.). The effect of titanium on the hardenability 
of steel depends on the heat-treatment, on whether 
the total titanium or the acid-soluble titanium is 
used as the basis for the calculations, and on the 
titanium/carbon ratio. Additions of up to 0:1% of 
titanium increase the hardenability effectively, but 
with amounts increasing above 0:2% the harden- 
ability decreases. The hardenability factor for titan- 
ium may be based on the acid-soluble quantity present 
provided that account is taken of the fact that the 
insoluble titanium decreases the hardenability by 
rendering ineffective a proportional amount of carbon. 

Microhardness Testing of Materials. V.E. Lysaght. 
(Engineering Materials and Processing Methods, 
1945, vol. 22, Oct., pp. 1079-1084). Applications of 
the Knoop indenter are described. In particular, 
details are given of the Tukon instrument with which 
Knoop hardness numbers under loads in the range of 
25 to 3600 g. can be obtained. 

Hardness of Metals and Alloys. 
L. Guillet. (Revue de Métallurgie, Mémoires, 1943, 
vol. 40, Sept., pp. 266-275). Hardness-testing 
methods, based on the principle of resistance against 
scratching and penetration, and of rebound after 
shock, are reviewed. Some theoretical explanations 
of hardness are also given. The hardness of metals 
seems to be connected with their atomic volume— 
the softer the metal, the greater its atomic volume. 
The value of hardness is considerably influenced by 
transformations which occur in solid solutions, such 
as precipitation, and also by diffusion, cold-work and 
recrystallization. 

Ageing Phenomena in Cast Iron. E. Piwowarsky. 
(Giesserei, 1942, vol. 29, Oct. 16, p. 358). The 
ageing tendency of specimens from a special cast iron 
containing 3°6% of carbon, 26% of silicon and 0-75% 
of phosphorus was examined. They were heated for 
20 min. at temperatures in the 250-550° C. range and 
quenched in water. Hardness determinations were 
made immediately and after intervals of 20, 40, 120 
and 160 hr. The hardness of the specimens tested 
immediately after quenching increased markedly 
when the temperature of the treatment was increased 
from 350° to 450° C. After only 40 hr. a marked 
increase in hardness was noted, the maximum in- 
crease occurring after 160 hr. 

A Method of Assessing Wear Due to Friction and 
Corrosion. P. M. Fisk. (Sheet Metal Industries, 
1945, vol. 22, Dec., pp. 2138-2141, 2146). A de- 
scription is given of a machine which was specially 
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made to study the wear and corrosion of hinges for 
doors and windows, and some results obtained with it 
are discussed. 


Recent Studies on Metallic Wear By Sliding Friction. 


L. Decroix. (Revue de Métallurgie, Mémoires, 1943, 
vol. 40, Feb., pp. 48-57; Mar., pp. 73-84; Apr., 
pp. 114-122). The author presents a comprehensive 


review of recent research work on metallic wear by 
friction, and reports the results of his own investiga- 
tions. The amount of wear depends primarily on the 
hardness and strength of the metal. Its mechanical 
properties are affected by the heat generated by 
friction, and the behaviour of the metal at high 
temperatures should be considered when the resistance 
to wear is tested. The process of friction causes 
chemical transformations in the worn layer by con- 
tinuous reactions between gas, liquid and metal. 

A Survey of the Theory of Ferromagnetism. J. H. 
Van Vleck. (Reviews of Modern Physics, 1945, 
vol. 17, Jan., pp. 27-47). There is similarity in 
many respects between the theory of ferromagnetism 
and the theory of valence. Both topics are readily 
tractable only for models corresponding to the 
limiting cases in which the electrons are treated 
respectively as tightly bound on individual atoms 
and as wandering freely from atom to atom without 
cognizance of each others’ positions. 

Effect of Small Stresses on Magnetic Properties. 
R. M. Bozorth and H. J. Williams. (Reviews of 
Modern Physics, 1945, vol. 17, Jan., pp. 72-80). 
Measurements were made of the changes of magnetiza- 
tion that occur in steel when very small stresses are 
applied and removed. Curves showing the changes 
in the magnetic properties are presented and discussed. 

Mass Temperature Effects on Quenching 36 Per 
Cent. Cobalt Magnet Steel. B. Falk. (American 
Society for Metals, Oct., 1945, Preprint No. 6). 
The effect of mass on the magnetic properties of a 
36%-cobalt steel are discussed and experiments are 
described the object of which was to determine the 
heat-treatments for this steel which would produce 
the optimum magnetic properties in the different 
commercial sizes. There is a different critical 
quenching temperature for different masses of the 
same steel which produces the maximum BH,,,,. and 
this temperature (in Fahrenheit) could be found by 
the equation 7’ = 1605 + (912/F), where F is the 
ratio of surface area to volume. | 

Multi-Specimen Testing Equipment for Long-Time 
Creep Tests. A. Thum and K. Richard. (Iron 
and Steel Institute, 1946, Translation Series, No. 262). 
This is an English translation of a paper which 
appeared in Archiv fiir das Eisenhiittenwesen, 1943, 
vol. 17, July-Aug., pp. 29-33 (see Journ. I. and S. L., 
1944, No. II., p. 133 a). 

Investigation of a Type of Failure of 18-8 Stabilized 
Stainless Steel. W. Kahn, H. Oster and R. Wachtell. 
(American Society for Metals, Oct., 1945, Preprint 
No. 15). A report on an investigation of the failure 
of aero-engine exhaust manifolds of 18/8 stabilized 
stainless steel is presented. A type of failure was 
traced which was due to more carbon being pre- 
cipitated in the steel than the stabilizing element 
could absorb. 
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Graphite in Cold-Rolled Subcritically Annealed 
Hypoeutectoid Steels. M. A. Hughes and J. G. 
Cutton. (American Society for Metals, Oct., 1945, 
Preprint No. 13). A study was made to determine 
the effect of (a) temperature, (b) residual alloying 
element, (c) cold-reduction, (d) mode of deoxidation, 
(e) full annealing before cold-reduction, and (f) 
carbon content, on the susceptibility of hypo-eutectoid 
steels to graphitization when cold-rolled and annealed. 
at subcritical temperatures. Fine-grained steel strip 
with carbon in the 0-08-0-67°% range was graphitized 
when cold-rolled and subcritically annealed. Hot- 
rolled silicon-manganese steel strip was also graphi- 
tized by this treatment. Data on the rate of solution 
of graphite in cold-rolled annealed strip at normal 
heat-treatment temperatures are presented. 

Residual Elements and Gas Contents of Cast Iron. 
J. E. Hurst. (Staffordshire Iron and Steel Institute : 
Metallurgia, 1945, vol. 33, Nov., pp. 9-12: Foundry 
Trade Journal, 1945, vol. 77, Dec. 27, pp. 363-369). 
Examples are described of the marked effect which 
traces of residual elements or of gas in cast iron can 
have upon its physical properties. The examples 
relate to a high-silicon heat-resisting iron, an austenitic 
nickel cast-iron and a manganese iron for marine 
diesel-engine cylinders. 

Gas Evolution from Cast Steel at Room Temperature. 
H. H. Johnson, L. H. Arner and H. A. Schwartz. 
(American Society for Metals, Oct., 1945, Preprint 
No. 14). The composition and rate of evolution 
of gas from freshly cast steel at or near room tempera- 
ture was studied. The gases consisted mainly of 
carbon monoxide, nitrogen and hydrogen. The 
amount of the first two of these gases evolved from 
unit weight of electric-furnace medium-manganese 
steels differed very little from steel to steel, but the 
amount of hydrogen varied greatly. 

Contribution to a Study of the Mechanical Properties 
of Special Substitute Steels in Relation to the Section of 
Thermally Treated Pieces. G. Delbart. (Revue de 
Métallurgie, Mémoires, 1943, vol. 40, Nov., pp. 
321-337). The author presents the results of 
mechanical tests on the manganese, manganese- 
vanadium, manganese-chromium, and manganese- 
chromium-vanadium steels used as substitutes for high- 
alloy nickel-chromium steels. Test-pieces were taken 
in both longitudinal and transverse directions from 
billets of various dimensions (200, 100, 50 and 25 mm.) 
after heat-treatment. The study of the mechanical 
properties was supplemented by microscopical exam- 
ination. An appropriate heat-treatment is suggested 
for each of the steels examined to obtain satisfactory 
results in pieces of large dimensions. It is also 
pointed out that a less homogeneous sorbitic structure, 
containing free ferrite after heat-treatment, may in 
certain cases improve their damping capacity. 

Effect of Variations in Composition and Heat- 
Treatment on Some Properties of 4 to 6 Per Cent. 
Chromium Steel Containing Molybdenum and Titanium. 
G. F. Comstock. (American Society for Metals, Oct., 
1945, PreprintNo. 4). With titanium/carbon ratios 
of between 3-5 and 5:5 in 5%-chromium/molybde- 
num /titanium steels, much better notched-bar impact 
strengths and high-temperature rupture strengths 
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are obtained than with higher titanium. About 
1% of silicon in these steels gives superior resistance 
to oxidation and does not reduce the impact and high- 
temperature strengths if the manganese content is 
0-75-1-:00% and the steel is tempered at about 
730° C. without annealing or normalizing. 

Tron-Manganese Alloys. R.S. Dean, J. R. Long, 
T. R. Graham and R. G. Feustel. (American Society 
for Metals, Oct., 1945, Preprint No. 5). The effect 
of increasing amounts of manganese in the 1-7% 
range on the properties of cold-rolled steels was 
investigated. In the soft condition the tensile strength 
is increased by about 11,000 Ib./sq. in. for each 1% 
of manganese. The elongation drops rapidly at 
first (by 5% for each 1% of manganese) and then 
more slowly at 7% manganese. Cold-working to 80% 
reduction in thickness increases the tensile strength 
to 192,600 lb./sq. in.; it produces an elongation of 
2-7% on 2 in. and a hardness of Rockwell C 38. The 
effects of different heat-treatments are also discussed. 

Effect of Nickel on Physical Properties and Thermal 
Characteristics of Some Cast Chromium-Molybdenum 
Steels. N. A. Zieglerand W. L. Meinhart. (American 
Society for Metals, Oct., 1945, Preprint No. 28). 
The effect of additions of up to 2% of nickel on the 
thermal and physical properties of steels containing 
2-5-9-0% of chromium and 0-5-1:5° of molybdenum 
was investigated. The nickel improved the strength 
in all cases, without undue reduction of ductility 
and impact resistance. The effect was more pro- 
nounced with the 2:5-5-0% chromium steels than 
when the chromium content was 7-9%. The hard- 
ness developed on welding low-carbon nickel steels 
was less than that in high-carbon nickel-free steels 
of the same strength. 

The Properties of Cast Manganese Steel and the 
Effect of Manganese on Cast Iron. F. Bischof. 
(Giesserei, 1942, vol. 29, Nov. 13, pp. 381-387). 
The properties of cast manganese steel, in particular 
steel with 10-12% of manganese, and the effects of 
manganese on the properties of cast iron were studied, 
special attention being given to contraction, expansion, 
thermal conductivity, wear-resistance, and work- 
hardening. 
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Stainless Steels for Turbine Blading. J. H. G. 
Monypenny. (Transactions of the Institute of Marine 
Engineers, 1945, vol. 57, Dec., pp. 129-140). See 
p. 144. 

Selecting the Proper Heat-Resistant Steel. R. A. 
Lincoln. (Iron Age, 1945, vol. 156, Nov. 8, pp. 
74-77), Data on the scaling-resistance and mechanical 
properties of the chromium-nickel heat-resisting steels 
are presented and discussed. 

Ball Wear in Wet Grinding Mills. N. A. MacLeod. 
(American Institute of Mining and Metallurgical Engi- 
neers, Technical Publication No. 1918 : Metals Tech- 
nology, 1945, vol. 9, Nov.). Grinding tests were made 
in a small ball mill 104 in. in dia. x 9 in. long, rotated 
at 72 r.p.m. Chill-cast, sand-cast and annealed 
steel balls were used to grind different types of ore 
and the wear was determined by the loss in weight. 
Siliceous ores and ores rich in pyrites caused a high 
rate of wear in wet-grinding, whilst the presence of 
kaolinitic material reduced the rate of wear. The 
grindability index of an ore is not necessarily an 
expression of its effect on ball consumption. 

Selection of Die Steels for Cold Work. W. H. Wills. 
(Iron Age, 1945, vol. 156, Nov. 22, pp. 58-61). The 
structure and physical properties of the following 
four groups of die steels used for cold-work are de- 
scribed: (1) Water-hardening (carbon and carbon- 
vanadium) steels; (2) manganese and other low- 
alloy oil-hardening steels; (3) high-carbon high- 
chromium steels; and (4) air-hardening steels. 
Factors affecting their selection for special duties are 
discussed. 

Electronic Measurement, Analysis and Inspection. 
(Machinery, 1945, vol. 67, Dec. 27, pp. 729-732). 
Industrial applications in which electronic devices 
are used for counting and detecting hidden defects, 
and controlling temperatures are described. 

British En Alloy Specification. J. H. G. Mony- 
penny. (Iron Age, 1945, vol. 156, Nov. 15, pp. 71- 
76). The British emergency specifications for steel 
are described and presented in the form of tables. 
The specifications were based on the physical and 
mechanical properties rather than on the chemical 
analysis. 
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Anti-Reflection Films for Metallographic Objectives. 
J. R. Benford. (American Society for Metals, Oct., 
1945, Preprint No. 1). Experimental studies on 
improvements in the performance of metallographic 
microscopes due to anti-reflection films on the surface 
of the objective lens show that the improvement 
depends on the design of the objective and on the type 
of specimen. The improvements accomplished by 
the filming consist of a better image contrast and a 
shorter photographic exposure. Micrographs are sub- 
mitted showing comparative performance between 
filmed and unfilmed objectives. 

Electron Microscopic Investigations of Surface 
Structure. R. D. Heidenreich. (S.A.E. Journal, 


1945, vol. 53, Oct., pp. 588-594). Examples of the 
condition of metal surfaces as revealed by the electron 
microscope are presented and discussed. The depth 
of focus of the electron microscope is of the order 
of 10 times that of the light microscope, so that 
structures with variations in elevation as great as 
several microns will yield micrographs that are 
uniformly in focus. 

Defects in Steel and Their Detection. A. J. K. 
Honeyman and A. Fisher. (Journal of the West of 
Scotland Iron and Steel Institute, 1945, vol. 52, Part 
III., pp. 39-57). A brief account of defects in steel 
and methods of detecting them is given and illustrated 
by 38 figures and micrographs. Surface examination, 
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the deep-etch test, and the sulphur-print test are 
described. These reveal: (1) Pipe or axial segrega- 
tion; (2) other types of ingot segregation ; (3) reeds : 
(4) rokes; (5) shell; (6) overlaps; and (7) fishtail. 
Examples of each of these are described. Crack- 
detection tests are also described. 

Detection of Deep Flaws in Metals by Supersonic 
Wave. D. O. Sproule. (Machinist, 1945, vol. 89, 
Dec. 8, pp. 2013-2016). A description is given of 
an instrument for transmitting supersonic waves 
through metal and receiving echoes from flaws 
within the metal. It is claimed that a ~,-in. dia. 
hole 4 ft. below the explored surface can easily be 
detected. 

A Method of Revealing the Microstructure of Nickel 
Deposits on Steel. R. Stokes. (Metallurgia, 1945, 
vol. 33, Nov., pp. 21-22). A procedure for etching 
nickel deposits on steel which etched the nickel 
deeply with only slight attack on the steel and the 
interface is described. 

Radiography and Shipyard Welding. R. Halmshaw. 
(Welding, 1945, vol. 13, Nov., pp. 451-455, 461). 
The principles of gamma-radiography are explained 
and a typical radon source 1 mm. in dia. x 2 mm. 
long in a glass bulb in a lead or tungsten-steel con- 
tainer is described. Some radiographs of shipyard 
welds are reproduced and discussed. 

The Advantages and Limitations of Gamma-Ray 
Radiography on Small Steel Castings. R. H. Frank. 
(American Foundryman, 1945, vol. 8, Oct., pp. 50—- 
61). A general and well-illustrated review of gamma- 
ray radiography as an inspection instrument and as a 
method of testing castings is given. 

X-Ray Standards for Purchasing Castings. L. W. 
Ball. (Iron Age, 1945, vol. 156, Nov. 22, pp. 62-64). 
A difficulty in drawing up acceptance specifications 
for castings is the unpredictability of internal dis- 
continuities and the limited degree to which test-bars 
represent the quality of the corresponding cast parts. 
For the acceptance of castings, agreement can be 
furthered by examining radiographs and interpreting 
heterogeneity, if present, according to the importance 
of the area in which it is located. 

Influence of Carbon Content upon the Transforma- 
tion in 8 Per Cent. Chromium Steel. T. Lyman and 
A. R. Troiano. (American Society for Metals, Oct., 
1945, Preprint No. 16). The effects of time and 
temperature on the transformations in seven 3%- 
chromium steels with carbon in the 0-08-1-28% 
range were investigated with the microscope, the 
dilatometer and by X-ray diffraction. Isothermal 
transformation diagrams for these steels are pre- 
sented. 

Transformation of Austenite in a Steel Containing 
8 Per Cent. Chromium and 1 Per Cent. Carbon. HE. P. 
Klier. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 1855: 
Metals Technology, 1945, vol. 12, Sept.). An analysis 
was made of the transformation characteristics of a 
1%-carbon, 3%-chromium steel by X-ray and metallo- 
graphic methods. From the results obtained it is 
concluded that the bainite reaction in this steel is 
more complicated than previously reported by the 
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author and T. Lyman for the low-carbon low-alloy 
steels. 

Partition of Molybdenum in Hypereutectoid Iron- 
Carbon-Molybdenum Alloys. F.E.Bowman. (Ameri- 
can Society for Metals, Oct., 1945, Preprint No. 2). 
The study of the partition of molybdenum between 
the ferrite and carbide resulting from the isothermal 
transformation of austenite as well as from tempering 
martensite is extended to hypo-eutectoid alloys of 
iron, carbon, and molybdenum. In these alloys the 
high concentration of molybdenum in the carbides 
formed isothermally at subcritical temperatures 
proves that molybdenum must diffuse during the 
eutectoid reaction. This diffusion of the molyb- 
denum and the formation of the complex carbide 
(Fe,Mo).,C, in alloys containing more than 0:50% 
of molybdenum provide an explanation for the re- 
tardation in the eutectoid reaction. 

Critical Points of §.A.E. 4340 Steel as Determined 
by the Dilatometric Method. D. Niconoff. (Ameri- 
can Society for Metals, Oct., 1945, Preprint No. 19). 
A dilatometer was employed to determine the 
critical points on heating a chromium-nickel-molyb- 
denum steel. The position of the points depended 
upon the initial structure and the heating rate. 
The critical points on cooling depended on the time 
and temperature of soaking before cooling. 

Isothermal Transformation of Austenite in One 
Per Cent. Carbon, High-Chromium Steels. T. Lyman 
and A. R. Troiano. (American Institute of Mining 
and Metallurgical Engineers, Technical Publication 
No. 1801: Metals Technology, 1945, vol. 12, Sept.). 
Microscopical, X-ray and dilatometric methods have 
been employed in determining the isothermal trans- 
formation diagrams for four steels containing 1% 
of carbon with 3%, 4%, 6%, and 9% of chromium 
respectively. 

Temper Brittleness of Steels. H. Jolivet and R. 
Chouteau. (Revue de Métallurgie, Mémoires, 1943, 
vol. 40, Jan., pp. 14-24). Slow cooling after temper- 
ing of certain steels produces temper brittleness, 
which manifests itself by a difference between the 
impact values obtained after rapid and slow cooling. 
There are two theories which endeavour to explain 
this: (1) The theory of precipitation of one phase in 
the austenitic zone, and (2) the theory of decom- 
position of carbides. The results of the investigations, 
presented by the authors lead to the conclusion that 
both theories remain hypothetical, as it was impossible 
with the microscope to produce evidence of the 
precipitation or decomposition of the carbides. 

What Can Be Deduced from a Solidification Diagram P 
J. Luneau. (Revue de Métallurgie, Mémoires, 1942, 
vol. 39, July, pp. 218-223). The binary solidification 
diagram is discussed with particular reference to the 
three following problems: (1) The distribution of 
alloying elements between the liquid and solid phases 
at a given temperature ; (2) the proportion in which 
both constituents participate in the solution when the 
temperature changes and the liquid phase passes 
into the solid phase ; and (8) the graphical determina- 
tion of the mass passing from the liquid to the solid 
phase when the temperature decreases. 
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Some Principles of Corrosion of Metals and Alloys. 
G. Chaudron. (Revue de Métallurgie, Mémoires, 
1943, vol. 40, July, pp. 193-201). The symptoms of 
superficial and internal, or intergranular, corrosion 
are discussed in detail: The corrosion depends on a 
great many factors, which are divided by the author 
into four main groups: (1) The attacking reagent ; 
(2) the metal or alloy examined; (3) the conditions 
of work ; and (4) the duration of the corroding process. 

Passivity of Metals. P. Lacombe. (Revue de 
Métallurgie, Mémoires, 1943, vol. 40, Sept., pp. 257- 
265). The author suggests the following definition 
of passivity: A metal is said to be passive when, 
during a chemical or electrochemical transformation, 
it loses a great deal of its power to emit ions, this 
emission being suppressed by interposition of a 
gaseous, solid or even liquid film. Various methods 
of producing and destroying passivity, and the 
factors on which it depends, are discussed. The 
existence of a film is the condition necessary for 
conferring passivity on a metal, but it is only effective 
when the film is very thin, continuous and adhesive, 
and of an amorphous structure. 

Oxide-Metal Layers Formed on Commercial Iron- 
Silicon Alloys Exposed to High Temperatures. R. 
Ward. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 1832: 
Metals Technology, 1945, vol. 12, Aug.). Structures 
of iron-silicon alloys containing from 0-70% to 5:8% 
of silicon were oxidized in air and in closed containers 
containing ferric oxide and mixtures of ferric oxide, 
iron powder and water at temperatures from 600° to 
1200° C. The conclusions reached were: (1) At 
below 800° C. the diffusion of oxygen in alloys 


with less than 1-56 % of silicon takes place preferentially 
along the grain boundaries; (2) at below 800° C. the 
diffusion in alloys with more than 2-55% of silicon 
appears to proceed by lattice diffusion; (3) when 
low-silicon alloys are oxidized at above 800° C. a 
layer of oxide particles is precipitated and this layer 
increases in depth with temperature and time; 
(4) with alloys containing more than 2-55% of silicon 
the character of the oxidation changes at 800° C. 
from a “ pearlite”’ type to a structure similar to 
“Liesegang bands,” and at above 1000° C. this in 
turn changes to a globular structure; (5) the Liese- 
gang structure frequently comes off by spalling, 
whereas the pearlite scale is very often adherent ; 
and (6) the character of the surface layers depends 
on the composition, temperature, rate of oxygen 
delivery, and, to a limited extent, time. Several 
micrographs of sections through the surface layers at 
600 diameters are reproduced. 

The Corrosive Action of Benzole Absorption Oils. 
C. M. Cawley and H. E. Newall. (Journal of the 
Society of Chemical Industry, 1945, vol. 64, Oct., 
pp. 285-290). This paper deals only with the cor- 
rosion which occurs in the stripping plant in the 
benzole absorption process. An account is given of a 
laboratory investigation with the object of determin- 
ing the nature and origin of the substances causing 
corrosion. The main cause was found to be the action 
of ammonium thiocyanate formed by the reaction 
between ammonia and carbon disulphide in solution 
in the wash oil. The deposits of Prussian blue often 
found in benzole absorption plants are apparently 
formed by the reaction between ammonium thio- 
cyanate and iron. 
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The Spectrographic Analysis of Austenitic Nickel- 
Chrome Steel. S. D. Steele and J. M. Johnston. 
(Journal of the Society of Chemical Industry, 1945, 
vol. 64, Oct., pp. 278-283). The object of the work 
recorded was to determine whether the range of 
spectrographic determinations could be extended to 
justify inclusion of both chromium and nickel in the 
spectro-analytical examination of steels. A satis- 
factory technique is described in detail whereby, from 
the viewpoint of production control analysis, deter- 
minations of chromium, nickel, silicon, manganese 
and aluminium can be made in chromium-nickel steels 
of the 18/8 type. The method incorporates the 
use of the flat-surface technique with a copper 
counter electrode. Plate calibration is obtained by 
the use of a rotating stepped sector wheel, the cali- 
bration curve being drawn by plotting densitometer 
readings against the logarithm of the relative intensi- 
ties. The gap-width setting can be made within 
the permissible tolerance by the use of a feeler gauge. 
Assuming that the errors inherent in the method 
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follow a symmetrical distribution, the accuracy which 
may be expected for determinations of chromium 
and nickel within the ranges 18% to 24% of chromium 
and 7% to 10% of nickel are +0-47% and +0-20% 


respectively. 
The Occurrence of Calcium in Iron. (Bradley’s 
Magazine, 1945, Dec., p. 7). A  spectrographic 


technique for determining calcium in iron is described. 
From tests made on a number of irons it seems that all 
irons contain a small amount of calcium, the maxi- 
mum range found being 0-005-0-010%. Large ad- 
ditions of calcium by means of calcium silicide to grey 
iron did not increase the calcium content of the final 
metal, which remained at 0-006%. 

Modern Methods for the Quantitative Spectro- 
chemical Analysis of Metal Alloys. R. Castro. 
(Revue de Métallurgie, Mémoires, 1942, vol. 39, Feb., 
pp. 54-60; Mar., pp. 84-96; Apr., pp. 112-122). 
A survey is presented of the spectrographic methods 
of analysing alloys with special reference to quantita- 
tive analysis. The author deals in separate sections 
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with the choice of rays, the analytical and photo- 
electric methods based on the measurement of 
differences in line intensity, the spectrochemical 
analysis of alloys in solution, and the elements de- 
tectable by spectrographic methods. 

Modern Apparatus for Spectrochemical Qualitative 
and Quantitative Analysis of Alloys. R. Girschig. 
(Revue de Métallurgie, Mémoires, 1943, vol. 40, May, 
pp. 143-155; June, pp. 175-182; July, pp. 202-208 ; 
Aug., pp. 252-256). Apparatus and the principles on 
which the recent development of spectrochemical 
analysis is based are discussed. The precision of the 
spectrographic methods depends largely on the 
accuracy in reproducing the results of the measure- 
ments; this is needed to establish a true relation 
between the measured value and the chemical com- 
position of the analysed substance. The evolution of 
spectrographic apparatus is marked by a wide applica- 
tion of automatic devices which enable the experi- 
mental conditions of the analysis to be recorded with 
great precision. 

Colorimetric Determination of Molybdenum in 
Iron and Steel. M. Kapron and P. L. Hehman. 
(Industrial and Engineering Chemistry, Analytical 
Edition, 1945, vol. 17, Sept., pp. 573-576). A photo- 
metric method for determining molybdenum in 
ferrous metals is described. It makes use of water- 
soluble solvents of low volatility which produce a 
very stable molybdenum-thiocyanate-complex colour 
with no necessity for extraction. 

Application of Colorimetry to the Analysis of Cor- 
rosion-Resistant Steels. L. G. Bricker, S. Weinberg, 
and K. L. Proctor. (Industrial and Engineering 
Chemistry, Analytical Edition, 1945, vol. 17, Oct., 
pp. 661-663). A photometric method for the de- 
termination of zinc in corrosion-resistant steels by the 
dithizone method is presented. 

Acid Electric Furnace Carbon Control. C. Locke. 
(Iron Age, 1945, vol. 117, Oct. 18, pp. 69-71, 176 B). 
The literature on rapid methods of determining the 
carbon so as to be able to control heats in electric 
furnace steelmaking is reviewed, and the relationship 
between the carbon and ferrous-oxide contents of the 
bath are discussed. 

The Estimation and Influence of Hydrogen in Weld 
Metal. E.C. Rollason and H. W. Mance. (Welding, 
1945, vol. 13, Nov., pp. 436-440, 461). Methods of 
determining the hydrogen content of weld metal are 
described with data on the results obtained. The 
influence of hydrogen in welding and the embrittle- 
ment theory is discussed. 

The Non-Destructive Testing of Material by the Spot 
Test. (Spot Tests for Nickel, Cobalt and Iron). R. 
Weihrich and F. Schwertner. (Archiv fiir das Hisen- 
hiittenwesen, 1942, vol. 16, Aug., pp. 45-48). Rapid 
spot tests are described by which the presence of 
nickel, cobalt and iron in metal can be detected. 
In these tests a drop of a suitable etching agent 
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is allowed to remain on the surface to be tested for a 
minute or two; the drop is then absorbed with an 
impregnated paper and a colour change indicates the 
presence of the element for which the test is made. 
The Application of Drop Reactions on Steels. 
H. Fucke and M. Mohrle. (Archiv fiir das Hisen- 
hiittenwesen, 1944, vol. 18, Sept.-Oct., pp. 47-56). 
Procedures are described for detecting the following 
elements in steel by means of drop reactions: Alu- 


minium, chromium, cobalt, copper, manganese, 
molybdenum, nickel, titanium, vanadium and 
tungsten. 


A Composite Method for the Determination of 
Silicon, Manganese and Phosphorus in Cast Iron and 
Steel. T.S. Harrison. (Analyst, 1945, vol. 70, Oct., 
pp. 362-365). A method is described for determin- 
ing silicon gravimetrically, phosphorus absorptio- 
metrically by the phosphovanadomolybdate technique, 
and manganese by absorptiometry or titration, all 
on a single sample of iron or steel. 

Absorptiometric Methods of Analysis for 18/8 and 
Similar Steels. B. Rogers. (Metallurgia, 1945, vol. 
33, Nov., pp. 13-16). Using the Hilger Spekker 
photo-electric absorptiometer, E. J. Vaughan’s work 
has been adapted in the direction of routine methods 
for the determination of chromium, nickel, manganese, 
and molybdenum on one sample weight for 18/8 
stainless and similar steels containing 12-25% of 
chromium and 6-14% of nickel. 

The Determination of Arsenic in Ferro-Alloys with 
Special Reference to Ferrotungsten. RR. Weihrich 
and J. Haas. (Archiv fiir das Hisenhtittenwesen, 
1942, vol. 16, Oct., pp. 129-130). When ferro- 
tungsten is dissolved in a mixture of nitric and 
hydrofluoric acids some of the arsenic is volatilized, 
but if the sample is first melted with sodium peroxide 
no arsenic is lost and more accurate arsenic determina- 
tions will be made. Details of both procedures are 
given. 

The Determination of Traces of Sulphur Dioxide 
with Special Reference to the Determination of Sulphur 
in Ferro-Alloys. G. Ingram. (Analyst, 1945, vol. 
70, Nov., pp. 423-426). The method described for the 
determination of trace amounts of sulphur dioxide 
was developed to make possible the satisfactory 
estimation of sulphur in ferro-alloys and organic 
compounds using the minimum of material, e.g., 
10-50 mg. Amounts of sulphur dioxide exceeding 
2 wg. can be determined. 

New Type Furnace for the Determination of Ash 
from Coal and Coke. C. W. G. Ockelford. (Fuel in 
Science and Practice, 1945, vol. 24, Nov.-Dec., pp. 
151-157). Developments since 1920 in the design 
of furnaces used for determining the ash in coal 
by the Fuel Research Organization method are de- 
scribed and details are given. of two modern electric 
furnaces for temperatures up to 500° and 775° C. 
respectively. 
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Brtcuer, R., and A. L. Gopssrr. “ Semi-Micro 
Quantitative Organic Analysis.” 8vo, pp. viii + 
168. Illustrated. London, 1945: Longmans, 
Green and Co., Ltd. (Price 10s. 6d.) 


Although semimicro-analysis is a distinct subject in 
itself, it holds an important intermediate position between 
macro- and micro-methods, having the dual advantages of 
requiring less manipulative skill than micro-analysis and of 
effecting savings in samples, reagents and time, as compared 
with macro-methods. The purpose of the present book, 
as pointed out in the preface, is to provide a complete 
course in the more common methods of this type of analysis, 
the methods given, it is claimed, being simple and accurate. 

The book is divided into four parts. The first part 
is composed of an introduction to the subject and a general 
survey of apparatus and technique. This section includes 
an extraordinarily good chapter ‘* The Balance and Methods 
of Weighing’ from which even well-informed chemists 
ean learn quite a lot about the use and care of the balance. 
The second part of the book is devoted to the determination 
of the elements carbon, hydrogen, nitrogen, sulphur, the 
halogens, phosphorus and arsenic. The first chapter of this 
section deals with the determination of moisture, ash and 
metals. Next, there is a short section describing the 
determination of three of the more important organic 
radicals—the carboxyl group, the methoxyl group and the 
acetyl group. The final section is concerned with physico- 
chemical determinations, limited to the following four 
properties; density, melting point, boiling point and mole- 
cular weight. 

In addition to these main sections there are two useful 
appendices, one being a thorough consideration of the 
various methods available for the purification of small 
amounts of material; the other is relatively short and 
describes the preparation and standardization of seven 
standard volumetric solutions. There is also appended a 
bibliography of 46 references. 

The book is attractively produced, clearly arranged, and 
includes 42 diagrams of apparatus drawn with the utmost 
clarity. It might be mentioned that a more extensive 
index would have been welcomed. W. W. STEVENSON. 


British Non-Frrrous Metats Researcu ASsocta- 
TION. ‘“‘ Collected Papers on Metallurgical Analysis 
by the Spectrograph.” Edited by D. M. Smith. 
8vo, pp. xi-+ 162. Illustrated. London, 1945: 
The Association. (Price 21s.) 


This book, compiled by specialists for the use of specialists, 
emphasizes the encroachment of purely physical methods 
upon the classical technique of metallurgical analysis. 

Some interest attaches to the Foreword, in which the 
advantages of co-operative research work become self- 
evident, especially where association is possible with 
manufacturers of ancillary materials—in this case, manu- 
facturers of photographic materials. 

Much sympathy will be felt for the plea expressed in the 
Preface for a greater uniformity in technical nomenclature. 
When experts are not agreed upon the correct description 
of their methods, assimilation of such progress by technicians 
in other fields undoubtedly becomes more difficult. 

Only non-ferrous metals and their alloys are dealt with 
in these papers, and the methods recommended appear 
with precise and detailed items of procedure which are 
obviously the fruits of close study and considerable ex- 
perience; one may instance the care taken in preparation 
of the sample under test (p. 83). 

Readers who are mathematically-minded will appreciate 
frequent allusions to ‘‘standard error” and “ standard 
deviation ’’—evidence of the author’s leaning to statistical 
methods in the assessment of results. 

J. FERDINAND KAYSER. 


Hepiey, W. H. 


Voasgt, A. I. 


“The Basis of Sheet Metal Draft- 
Illustrated. London, 


8vo, pp. vii + 118. 
(Price 


ing.” 
Longmans, Green and Co., Ltd. 


1945: 
6s.) 


The purpose of this book is to give a firm foundation 
in the setting out of patterns, which forms an important 
part in the technical education of those connected with 
sheet metal work. Students should find the application 
of calculations to the development of patterns interesting 
and valuable. 

Although written primarily for students taking the first 
year senior course of the Northern Counties Technical 
Council and other similar examining bodies, the book 
should have a special appeal to the practical metal plate 
worker; and all interested in handicraft will find it a useful 
text-book. The contents are as follows: (1) Instruments 
and Drawing Equipment; (2) Geometrical Constructions 
using Rule and Compasses; (3) Geometrical Constructions 
Involving the Use of Drawing-Board, Tee-square, Set 
Squares, etc.; (4) Orthographic Projection; (5) True 
Shapes and Sections; (6) Isometric Projection; (7) The 
Straight Line and Plane; (8) Developments; (9) Tri- 
angulation; (10) Intersection of Surfaces and Develop- 
ments; (11) Developing without Projecting. 


“A Text Book of Qualitative Chemical 
Analysis, including Semimicro Qualitative Analysis.” 
Third Ed., 8vo, pp. xii+ 578. Illustrated. 
London, 1945: Longmans, Green and Co., Ltd. 
(Price 12s. 6d.) 


The two previous editions of this book are so well known 
that the main purpose of this review must be to indicate the 
alterations and additions that have been made in this 
third edition. The book is intended to provide a com- 
plete course in inorganic qualitative analysis to degree 
standard, as well as a work of reference for practical 
analytical chemists. 

The first chapter, which is an excellent one, on the theory 
of qualitative analysis remains unchanged, whilst only a 
few minor modifications, in the microchemical section, 
have been made to the second chapter on “ Analytical 
Operations,”’ which is a well-designed introduction to experi- 
mental technique. The next two chapters, which deal in 
detail with the reactions of metal ions and acid radicals 
respectively, remain substantially unaltered. Chapter V., 
describing the ‘‘ Systematic Analysis of Inorganic Sub- 
stances,’ has been considerably extended to give a more 
complete account of the examination for acid radicals. 
Chapter VI. is concerned with the modifications in ana- 
lytical methods required in the presence of organic acids, 
silicates, borates, fluorides and phosphates. The reactions 
of the so-called rarer elements are dealt with in Chapter VIT. 

Here follow two completely new chapters. Chapter 
VIII., for elementary students, describes a systematic quali- 
tative analysis of morganic substances. In view of the 
number of elementary books on the subject, this chapter 
does not appear to be a necessary addition to the present 
volume. 

Chapter IX. is devoted to semimicro-methods and is a 
most welcome addition. The first 23 pages are devoted to 
an introduction to the new experimental technique re- 
quired, whilst the remaining 33 pages provide a systematic 
scheme for semimicro qualitative analysis. 

The Appendix contains such information as is to be ex- 
pected in a book on this subject, together with some model 
analyses for the guidance of students. 

One minor criticism concerns the method of cross- 
reference, by section numbers instead of page numbers, 


which is not conducive to quick reference. 
W. W. STEVENSON. 
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_ The Coking Coal Resources in the Yorkshire, Not- 
tinghamshire and Derbyshire Coalfield. R. A. Mott. 
(Transactions of the Institution of Mining Engineers, 
1945, vol. 104, June, pp. 446-468). 

The Lancashire Coalfield. N.Simpkin. (Institute 
of Fuel War Time Bulletin, 1945, Dec., pp. 54-63). 
A general description and a survey of the history of the 
Lancashire coalfield are given; these cover its geo- 
logical structure, coal seams, lower coal measures, 
output, and types and analyses of coal. 

The Grand Lake Coal Field. N.B. W. J. Wright 
and C. 8. Clements. (Transactions of the Canadian 
Institute of Mining and Metallurgy, 1945, vol. 48, 
Dec., pp. 747-754). A description is given of the 
geology and present state of development of the 
Grand Lake coalfield of central New Brunswick from 
which 368,544 short tons of bituminous coal were 
mined in 19438. 


The Production of Both Coking and Steam Coals 
from the Witbank Coalfield. L. A. Bushell, S. B. 
Gass, F. W. Quass, and R. F. J. Teichmann. (Journal 
of the Chemical, Metallurgical and Mining Society of 
South Africa, 1945, vol. 46, July-Aug., pp. 45-59). 
Results of some float-and-sink analyses and coking 
tests on coking and steam coals from the Witbank 
coalfield in South Africa are reported and discussed. 
It is shown that the reserves of coking coal are small, 
but by the immediate introduction of blending and 
other economic measures the life of the reserves could 
be increased to about 163 years. 

Gold-Coast Manganese. (Iron and Steel, 1945, vol. 
18, Nov. 30, pp. 536-539). A brief and well-illus- 
trated description is given of the open-cast workings 
of the manganese ore deposits at Nsuta in the Western 
Province of the Gold Coast. There are a washing 
plant and mechanical units to crush and grade the ore. 


ORES—MINING AND TREATMENT 


Process Measures in the Sintering of Iron Ores. 
K. Kintzinger. (Stahl und Eisen, 1943, vol. 63, June 
10, pp. 453-456). An account is given of laboratory 
and full-scale investigations of methods of improving 
the unsatisfactory output of German sintering plants. 
Increasing the suction in the range of 600-1600 mm. 
of water was tried, and the optimum suction was 
found to be at about 1200 mm. Improvements were 
also obtained by mixing ground burnt lime with the 
charge. 

Principles of Iron Ore Beneficiation and Their Effects 
on Blast-Furnace Operation. C. E. Agnew. (Steel, 
1945, vol. 117, Nov. 26, pp. 124-126, 144-158 ; Dec. 3, 
pp. 134, 170-186; Dec. 10, pp. 122-126, 144; Dec. 
17, pp. 125-128, 164-168). The thermal principles 
of blast-furnace operation as applied to the use of 
sinter were dealt with previously (see Journ. I. and 


S.I., 1944, No. I., p. 42.4). In this paper the bene- 
ficiation of ores by sintering, and by making nodules, 
briquettes and pellets is described. The properties 
of the products are discussed. The effect of the 
chemical composition of the slag on the thermal 
requirements of the hearth and bosh are also dealt 
with. 

New Magnetic Concentrator Treats Mt. Hope Iron 
Ore. H. Davenport. (Engineering and Mining Jour- 
nal, 1945, vol. 146, Sept., pp. 85-89). An illustrated 
description is given of the plant for concentrating the 
iron ore at the Mount Hope Mine, Wharton, New 
Jersey. In view of the heavy demand for high-grade 
lump magnetite, the new concentrator produces 
approximately two-thirds of the concentrates in the 
lump-ore plant and one-third by wet magnetic con- 
centration in the fine-ore plant. 
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Theoretical Limiting Efficiency of Various Fuels in 
the Open Hearth. B. M. Larsen and C. Siddall. 
(Iron and Steel Engineer, 1945, vol. 22, Dec., pp. 
76-95). A detailed theoretical consideration govern- 
ing the selection and use of fuels for the open-hearth 
furnace is presented. Thermal data and examples 
of calculations are also given. 

Blast-Furnace Gas and Oxygen-Enriched Air for the 
Open-Hearth Furnace. G. Bulle. (Zeitschrift des 
Vereines deutscher Ingenieure, 1940, vol. 84, Sept. 28, 
pp. 740-741). As the cost of producing oxygen has 
been reduced considerably by the Linde-Frankl 
process, tests were made to determine the applic- 
ability of mixtures (a) of blast-furnace gas and 
oxygen, and (b) of blast-furnace gas and oxygen- 


enriched air for steelmaking in the open-hearth 
furnace. A horizontal cylindrical furnace 2 m. 
long with a capacity of 100 kg. of steel was used. 
The charges were easily melted with either of 
the above mixtures (the fuel gases being heated 
in recuperators), and the data obtained were 
sufficiently encouraging for a larger experimental 
plant to be built. 

Fuel Problems in the Swedish Iron and Steel In- 
dustry. M. Tigerschidld. (Iron and Steel Institute, 
1946, this Journal, Section I.). The evolution of the 
Swedish iron and steel industry and the mineralogical, 
historical, and economic factors affecting that evolu- 
tion are briefly discussed. The occupation of Norway 
by the Germans in 1940 completely isolated Sweden 
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from British and American sources of imports; with 
little or no suitable native resources of coal, coke, 
petrol or fuel-oil, the position of Swedish industry in 
regard to fuel supplies was critical. Fuel economy 
became a paramount necessity and industry went 
over to the use of substitutes, such material as wood, 
charcoal, and pressed-straw bales being used as 
metallurgical fuels. Equipment and methods were 
altered and new equipment and methods were devised 
to meet the situation, with striking results. 

Fuel Utilization in Iron and Steel Works. N. H. 
Turner and F, A. Gray. (Iron and Steel Institute, 
1946, this Journal, Section I.). Problems met with 
in current fuel-utilization practice at integrated and 
non-integrated iron and steel works are briefly dis- 
cussed. ‘These problems are chiefly concerned with 
blast-furnace gas production, cleaning, and distribu- 
tion; some remarks as to the effect on fuel utiliza- 
tion of possible future modifications in blast-furnace 
practice have been added. The application of by- 
product gases to steelworks uses and the general 
question of heat conservation are also considered. A 
comparison is made of the operating results at the 
melting shops and mills of the Appleby and the 
Templeborough Works. The paper concludes with 
some indication of what has been achieved, in respect 


PRODUCTION OF IRON. 


of fuel economy, at certain subsidiary plants of The 
United Steel Companies, Ltd. 

Operating Results of Dry-Cooling Plants. (Coke 
and Smokeless Fuel Age, 1946, vol. 8, Jan., pp. 10-11). 
The dry cooling of coke has been developed in 
Switzerland on a considerable scale. In this short 
article two tables are presented by the Swiss Associa- 
tion of Gas Engineers giving the characteristics and 
operating results of twenty dry-cooling plants. 

Upgrading Coke-Oven Gas. G. Cellan-Jones. (Coke 
and Smokeless Fuel Age, 1946, vol. 8, Jan., pp. 8-9). 
A method of increasing the benzole yield from coke- 
oven gas by introducing stripped gas into the oven 
crown is described. 

Gaseous Fuels in Britain. D. D. Howat. (Chemi- 
cal Age, 1946, vol. 54, Jan. 26, pp. 107-111; Feb. 2, 
pp. 133-137). The efficient utilization of town gas, 
coke-oven gas, blast-furnace gas, and producer gas 
in Great Britain is discussed. 

Operational Experience with a Gas-Producer Plant 
with Subsequent Electric Gas Cleaning. KE. Pechal. 
(Iron and Steel Institute, 1946, Translation Series, 
No. 265). This is an English translation of a paper 
which appeared in Stahl und Eisen, 1943, vol. 63, 
Nov. 4, pp. 808-812 (see Journ. I. and §.I., 1945, 
Now Lie, palisA). 
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Designs of Withdrawal Lugs for Blast-Furnace Cool- 
ing Plates. J. K. Reay and R. P. Towndrow. (Iron 
and Coal Trades Review, 1946, vol. 152, Jan. 4, pp. 
16, 15). A design is published of a lug, cast integrally 
with copper cooling plates for blast-furnaces, which 


is capable of withstanding a direct pull of about 25. 


tons. 

Smelting Iron Ore in the Electric Low-Shaft Fur- 
nace. M. A. Kassen. (Schweizer Archiv, 1945, vol. 
11, Mar., pp. 87-93). The control of the Tysland- 
Hole electric furnace for making pig-iron is discussed. 
The method of controlling the silicon by adjusting 
the coke in the burden, which is applied in blast- 
furnace operation cannot be applied in the electric 
process, but silicon control by adjustment of the 
amperage/voltage ratio is possible. The method is 
dealt with fully in this paper. 

The Hoganas Sponge Iron Process. 8. Eketorp. 
(Svenska Teknologférening : Jernkontorets Annaler, 
1945, vol. 129, No. 12, pp. 703-721). (In Swedish). 
A description is given of the history and present 
stage of development of the Héganis process of 
making sponge iron. It consists of charging ceramic 
pots about 5 ft. high, made of a local fireclay, with 
flat briquettes of a concentrate containing 71:5% of 
iron interspersed with layers of carbon prepared by 
mixing Héganas coal with coke breeze; the pots are 
charged in batches in a long pit furnace where they 
are heated to about 1200° C., the total time in the 
furnace being about 12 days. The pots are emptied 
by manual labour and put on a conveyor which 
takes them to tumbling machines where the ash and 
dirt are removed. The furnace is large enough to 


take 35,000 pots. The process has been in operation 
since 1911, and production is now at the rate of 
about 20,000 tons/annum. The product contains 
97:2°% of iron, 0-009% of sulphur and 0-011% of 
phosphorus. As produced, the sponge-iron blocks 
have a density of 2-0, but if they are compressed 
into briquettes the density is about 3-5. 

A brief account is given of the use of this sponge 
iron in steelmaking. In a trial at Surahammar a 
charge of 100% briquettes was melted in a basic- 
lined high-frequency furnace and the wear on the 
lining was not abnormal. In acid-lined furnaces it 
was not possible to charge more than 20% briquettes 
until the experiment of making the sponge iron with 
a certain amount of silicon was tried, which reduced 
the lining wear to normal. 

The Krupp-Renn Process. (Metal Treatment, 1945, 
vol. 12, Winter Issue, pp. 263-271). Brief descrip- 
tions of the Walz and Renn rotary furnaces and 
the results of trial smelting runs in which the 
Krupp-Renn process is used in three different appli- 
cations are given. The first application is the pro- 
duction of “ pellets’? for charging directly into the 
open-hearth furnace; the second is the production 
of pellets for the blast-furnace; and the third is the 
production of non-ferrous metals such as nickel, 
copes silver, and cobalt, in each case with iron as 
well. 

Powder Metallurgy of Iron. G.H.S. Price. (Metal 
Treatment, 1945, vol. 12, Winter Issue, pp. 275-286, 
274). A comprehensive review of the literature on 
the powder metallurgy of iron is presented. 
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Cast Iron Foundry Practice. United States Wartime 
Developments. J.S. Vanick. (Association Technique 
de Fonderie: American Foundryman, 1945, vol. 8, 
Nov., pp. 57-67). The progress made in American 
foundries in the period 1940 to 1945 to increase produc- 
tion is described and illustrated. Special reference is 
made to the turntable system of moulding and casting. 

Some Thoughts on Foundry Management. J. R. 
Roxburgh. (Institute of British Foundrymen: Foun- 
dry Trade Journal, 1946, vol. 78, Jan. 24, pp. 75-81). 
Principles of good works management are expounded, 
and it is stressed that executives should possess the 
greatest possible degree of practical experience in the 
foundry. Some of the problems appertaining to 
foundry management, e.g., time and motion study, 
production control, costing, and working conditions, 
are separately dealt with. 

Cast Steel. (Iron and Steel, 1945, vol. 18, Dec., 
p. 628). Thorough deoxidation with a view to 
minimizing porosity, internal tears, low ductility, and 
poor surfaces, is easily accomplished by the use of 
silicomanganese and calcium alloys. To assure con- 
sistently good results a uniform furnace procedure is 
necessary ; such a procedure is outlined. 

Malleable Sand Control in a Large Mechanized 
Foundry. J. J. Clark. (American Foundryman, 1945, 
vol. 8, Nov., pp. 49-56). A description is given of 
the equipment and the tests designed to enable good 
moulding sand and cores to be furnished to the 
foundry. The importance of proper maintenance and 
operation of the equipment is stressed. 

Sand Supply to Moulding Machines from Overhead 
Hoppers. N.C. Blythe. (Institute of British Foun- 
drymen: Foundry Trade Journal, 1946, vol. 78, Jan. 
3, pp. 9-11). The design of suitable hoppers which 
give satisfactory service under the severe conditions 
of the moulding shop is discussed. A type of hopper 
is suggested which provides an operator with sand 
every time he wants it. A distribution conveyor to 
take care of the hopper’s failings in capacity is also 
described. 

The Application of Ethyl Silicate to Foundry Prac- 
tice. C. Shaw. (Institute of Britsh Foundrymen 
and the Institute of Metals: Foundry Trade Journal, 
1946, vol. 78, Jan. 10, pp. 31-33). Refractory bodies 
can be produced by using silicon esters as a binder 
for refractory aggregates. When fully hydrolysed, 
the addition of an alkali to the liquid ethyl silicate 
will so shorten the time of gelatinization that, by 
varying the amount of alkali, the cement will set 
after a predetermined time. Certain substances, the 
nature of which is not disclosed, promote the formation 
of strong gels and sound moulds, the hydrolysis going 
on in the mould. The setting time may be varied 
between 5 min. and 5 hr., according to the amount 
of water added and the concentration of the agent. 
Many uses for this method in the foundry industry 
are recommended, and it is suggested that many 


moulding problems can be solved by taking advan- © 


tage of the controlled setting time, the dimensional 


stability during setting and baking, and the high 
mechanical strength. Moulding from wax patterns 
and the “ semi-dry piece mould ” are also described. 

Patternmaking for Small Batch Machine-Moulded 
Castings. A. G. Squires. (Institute of British Foun- 
drymen: Foundry Trade Journal, 1946, vol. 78, Jan. 
10, pp. 35-37). A method of preparing moulds for 
small batches of similar castings where half of the 
pattern will fall below the face of the moulding plate 
is described. It comprises a pair of pattern plates 
with six plaster patterns matched and produced from — 
a single master pattern. 

Pattern Redesign for Increased Production. E. C. 
Moorhead. (American Foundryman, 1945, vol. 8, 
Nov., pp. 26-28). In many foundries where castings 
are made from an original pattern over long periods 
production could in many cases be greatly increased 
by minor changes in pattern design and equipment 
without necessarily changing the casting itself. Re- 
commendations on redesigning patterns and simplify- 
ing moulding are made. 

Quantity Floor Moulding—Manufacture of Medium 
Bore Flanged Return Bends. I. H. List. (Iron and 
Steel, 1945, vol. 18, Dec., p. 646). Sketches show 
the pattern for medium-bore flanged return bends 
and a cross-section through the mould. Details of 
the mould and moulding operation are given. 

The Influence of Radiation within Molding Sand on 
the Freezing Rate of Metal. H.A.Schwartz. (Ameri- 
can Foundryman, 1945, vol. 8, Nov., pp. 45-48). A 
mathematical and theoretical treatment of the heat 
transfer within moulding sand is presented. The 
relationship between the amount of metal which 
freezes in a sand mould and time cannot be satis- 
factorily explained if it is assumed that the thermal 
conductivity of sand is independent of temperature. 
In this paper calculations are put forward which 
indicate that the transfer of heat through sand takes 
place partly by conduction and partly by radiation. 

Steel Castings Repair Methods. J. F. Cotton. 
(American Foundryman, 1945, vol. 8, Nov., pp. 29- 
34). Various methods of examining and removing 
defects in steel castings are described. Guidance is 
given for deciding whether repair is necessary or 
desirable and on how the repair should be effected. 

Flame-Gouging of Steel Castings. A. E. Blake, jun. 
(Engineering Materials and Processing Methods, 1945, 
vol. 22, Nov., pp. 1428-1431). The technique for 
the removal of defective areas from steel castings by 
flame-gouging with a burner using town gas and 
oxygen is described. 

Notes on Inspection. R. J. Hart. (Institute of 
British Foundrymen: Foundry Trade Journal, 1946, 
vol. 78, Jan. 3, pp. 3-8, 21). The methods employed 
in routine inspection, both of pattern equipment and 
castings (mainly steel castings), are outlined and illus- 
trated. Apart from the object of inspection, the 
principal points discussed are : Inspection of patterns 
and samples, bulk inspection, physical testing, and 
delegated inspection. 
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Soviet Iron and Steel. Main Trends of Develop- 
ments in the New Five Year Plan. [. Bardin. (Iron 
and Steel, 1945, vol. 18, Dec., pp. 657-658). The 
immediate aims and objects of the Russian steel 
industry are outlined, and it is implied that the 
U.S.S.R. aims at self-sufficiency in ferrous materials. 
Principles of managing iron and steel plants are put 
forward, and it is emphasized that obsolete plants 
should be discarded, although they may be in a good 
state of repair. With a view to establishing a mini- 
mum number of types of blast-furnace, standardiza- 
tion of plant and equipment generally is envisaged. 

The German Steel Industry. T. W. Lippert. (Iron 
Age, 1945, vol. 156, Dec. 20, pp. 54-59). A detailed 
account is given of plant, processes, labour employed 
and the working conditions in German steelworks 
during the last war. High production was ensured 
by imported labour and some technical innovations. 
An all-basic open-hearth furnace practice was used. 
Among the technical improvements the number of 
cranes and charging machines was surprisingly large ; 
and the health service for German labour was of a high 
standard although safety precautions were of a low 
order. 

General Réview of German Metallurgical Practices. 
J. H. Frye. (Metal Progress, 1946, vol. 49, Jan., 
pp. 76-86). In 1945 the author examined many of 
the German metallurgical plants and processes and 
in this review he reports on the state in which he 
found them and on the changes and developments 
which had taken place during the war years. He 
compares the efficiency of the processes and products 
with those obtaining in the United States. 

Advancements in the Metallurgical Sphere in the 
United States during the War. A. Gronninszter. 
(Norsk Metallurgisk Selskap : Jernkontorets Annaler, 
1945, vol. 129, No. 12, pp. 683-702). (In Norwegian). 
This paper, which has appeared in Tidsskrift for 
Kjemi og Bergvesen, reviews the technical advance- 
ments in the production of iron and steel, sulphur, 
manganese, copper, lead, zinc, chromium, aluminium, 
magnesium and the ferro-alloys, which have taken 
place in the United States in the period 1940-1945, 
Methods of concentrating ores are also dealt with. 

Electric Power in a Steel Plant. R. W. Graham. 
(Electrical Engineering, 1945, vol. 64, Dec., pp. 816— 
818). A brief description is given of the system 
adopted by the Bethlehem Steel Company for the 
distribution of electric power at their Lackawanna 
plant. 

Proceedings of the Twenty-Eighth National Con- 
ference on Open-Hearth Steel. (American Institute 
of Mining and Metallurgical Engineers, Open-Hearth 
Conference, Apr.-May, 1945). In order to economize 
in transport and hotel accommodation it was decided 
to hold four local conferences at Philadelphia (Apr. 
20), Chicago (Apr. 27), St. Louis (May 4), and Pitts- 
burgh (May 18), respectively, instead of one large 
meeting at Chicago as originally intended. 

Two special papers are given, namely “ Melt Con- 


trol, Its Evolution and the Effect of a Current Control 
Method on Basic Open-Hearth Operations ” for which 
the author, A. M. Kroner, received the McKune 
award, and “ Operation of an Experimental Open- 
Hearth Furnace” by H. K. Work and W. R. Webb 
(see Journ. I. and S.I., 1945, No. Il., p. 136.4). 
Kroner’s paper describes a method of calculating the 
hot-metal additions for open-hearth furnaces which 
takes the following factors into account: (a) The 
percentage of iron in the metallic charge; (6) the 
amounts of scrap, cold iron, limestone and ore 
charged; (c) the silicon content of the hot metal; 
and (d) the time elapsing between starting to charge 
cold metal and finishing the hot-metal addition. 

The Pittsburgh meeting, which dealt with refrac- 
tories for open-hearth furnaces, is next reported. 
This began with a report by H. M. Griffith on the 
operation, and condition after 500 heats, of an all- 
basic-lined 180-ton open-hearth furnace of the Steel 
Company of Canada. Experiences with all-basic- 
lined open-hearth furnaces were related by H. S. 
Frank and A. E. Reinhard, and R. B. Sosman pre- 
sented a paper on “The Outlook for an All-Basic 
Open-Hearth Furnace.” After a brief discussion of 
silica-brick roofs, M. A. Fay dealt with a new theory 
on the mechanism of wear of these roofs which is 
that the wear of roof bricks is caused by liquid flowing 
from a considerable distance within the brick. The 
merits of bonded and of ribbed roofs, and mullite 
refractories were discussed, and W. 8. Debenham 
presented an analysis of the replies to a questionnaire 
on open-hearth bottom construction and materials. 
R. B. Snow discussed data obtained from density 
tests on material removed when renewing hearths. 
A very comprehensive paper on “‘ Nozzle and Stopper- 
Head Properties, Pouring Techniques, and Their 
Effect on Casting-Pit Performance ”’ was delivered 
by L. G. Ekholm and L. D. Hower, jun. After short 
addresses by J. A. Shea on “ Methods of Testing 
Stoppers ” and L. R. Berner on “ Lining and Schedul- 
ing Ladles for Maximum Life,” the Pittsburgh meet- 
ing closed with a discussion on the storage of refractory 
bricks. 

The meeting at Philadelphia dealt with the main- 
tenance and repair of basic open-hearth furnaces. 
C. D. Moore began by explaining how the Worth 
Steel Company planned their furnace-repair pro- 
gramme. The maintenance of roofs was discussed, 
and two papers were then presented, one by O. P. 
Luetscher on “ Life and Maintenance of Open-Hearth 
Roofs,’ and the other by E. N. Hower on “ Hot 
Patching of Open-Hearth Furnaces.” Open discus- 
sions on the maintenance of bottoms, tap-hole repairs, 
and fettling time followed ; at the end of this section 
of the Proceedings a summary’is given of the answers 
to a questionnaire on the times taken for open-hearth 
bottom maintenance. 

The Chicago meeting discussed the operation of 
open-hearth furnaces. The following papers were 
presented : ‘‘ Residual Metals in Open-Hearth Steel ” 
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by J. D. Sullivan and A. E. Pavlish; ‘“ Segregation 
of Scrap at Wisconsin Steel Works” by E. H. 
Schwartz; “A Completely Automatic Control of 
Open-Hearth Reversal’ by B. M. Larsen and W. E. 
Shenk; “Stoppers and Nozzles” by J. P. L. 
McMahon; “Nozzle Size vs. Quality of Hot-Top 
Ingot ” by H. J. Forsyth; ‘‘ Factors in Mold Design 
for Big-End-Up Molds” by G. Soler; “ Effect of 
Variables on Surface and Yield of Medium Carbon 
Semikilled Steel” by E. C. Sorrells; ‘‘ Effect’ of 
Furnace, Pit, and Mold Practice on Surface and Yield 
of Semikilled Ingots” by J. R. Britt; ‘ Factors 
Affecting Efficiency of Aluminium Additions to Fine- 
Grained Steel” by R. C. Diehl; ‘‘ Measurement and 
Control of Open-Hearth Flame Radiation Intensity 
at Gary Steel Works” by A. L. Hodge; and “A 
Method of Determining Bath Temperatures ”’ by L. F. 
Weitzenkorn. In addition to the above there were 
open discussions on improvements in charging prac- 
tice, furnace-control systems, aluminium recovery, 
burners for liquid and mixed fuels, colloidal fuel, and 
flame radiation. At this meeting there was also a 
session on metallurgy and quality; it began with 
the presentation of summaries of the following papers 
which were to have been read at the Deoxidation 
Symposium in New York in February, 1945: “ Effect 
of Deoxidation on the Strain-Sensitivity of Low- 
Carbon Steels” by H. K. Work and G. H. Enzian ; 
“ The Relation among Aluminium, Sulphur and Grain 
Size’ by C. E. Sims; and ‘“‘ Occurrence of Oxygen 
in Liquid Open-Hearth Steel—Sampling Methods ”’ 
by T. E. Brower and B. M. Larsen. It was con- 
tinued with two papers on the economic aspects of 
deoxidation, one by M. Tenenbaum and the other 
by R. C. Diehl and F. G. Norris, and a paper by 
K. L. Fetters on the deoxidation of coarse-grained 
steels. The other papers contributed at this session 
- were: “ Elimination of Surface Defects in Low-Car- 
bon Low-Sulphur Silicon-Killed Steel of S.A.E. 1020 
Specification ”’ by O. Pearson; ‘ Improving Clean- 
ness of Killed Steel”? by S. Feigenbau; ‘ Variables 
in Producing Clean Steel in Large Tonnages”’ by 
C. L. Labeka; “The Chemistry of Slag Control” 
by H. B. Emerick; ‘ Review of Recent Develop- 
ments in Basic Open-Hearth Slag Control” by M. 
Tenenbaum; and “ Hardenability Bands and the 
Open-Hearth Factors Controlling Hardenability ” by 
C. G. Atchinson. Open discussions also took place 
on the cleanness of killed steel, slag control, sub- 
surface porosity, and hardenability. 

The Acid Open-Hearth Technical Session was held 
on May 18, 1945, at Pittsburgh. One paper was 
presented; this was by C. E. Wenninger and W. 
McCaulley on the steps taken at a steel foundry to 
improve acid open-hearth practice. The remainder 
of this session was taken up with open discussions 
on a variety of subjects including the effect of mould 
life on defects on machined forgings, the sand require- 
ments for repairing bottoms and banks, whether it is 
better to make additions on a rising or a falling 
temperature, whether additions of alloying elements 
should be made to the furnace or the ladle,- the life 
of the front and back walls in 25-, 50- and 75-ton 
furnaces, the castability of acid open-hearth steel, 
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the relation of furnace practice to the prevention of 
hot-tear formation, adding graphite instead of pig- 
iron to provide the carbon in acid open-hearth steel, 
reboiling acid open-hearth steels for forgings, the 
values of raw and burnt-lime additions to acid open- 
hearth slags. 

The Manufacture of High Speed Steel. W.H. Wills. 
(Steel Processing, 1945, vol. 31, Nov., pp. 703-708). 
High-speed steel may be divided into two groups, 
namely, the tungsten and the molybdenum types. 
Electric-are furnaces of from 3 to 6 tons are used in 
the melting of tool steels, the charge being melted 
in 2 hr. under a reducing slag. The subsequent 
stages of manufacture include hammer-cogging, grind- 
ing, hot-rolling, forging, annealing, and cold-drawing 
to sizes less than | in. in dia. After drawing, a final 
annealing is necessary before straightening ; small sizes 
are sheared, larger bars are sawn to length. 

Final Additions to an Acid Electric Heat. C. C. 
Wissmann. (Metal Progress, 1945, vol. 48, Dec., 
pp. 1296-1299). A practice for working an acid 
electric-furnace heat of steel is outlined with special 
stress on the best time to make the additions of 
ferro-alloys. 

Industrial Electrodes. H. Sanders. (British Steel- — 
maker, 1945, vol. 11, June, pp. 255-259; July, pp. 
303-307 ; Aug., pp. 359-363; Sept., pp. 409-412). 
A comprehensive account is given of the development 
of the manufacture of carbon and graphite electrodes, 
their properties, and their application in metallurgical 
furnaces. Recommendations to prevent wastage in 
electrode consumption are made. 

Big Crucible Ingots. (British Steelmaker, 1945, 
vol. 11, Dec., pp. 554-556). A description is given 
of the scene in a Sheffield melting shop in the 
eighteen-eighties during the casting of a 30-ton ingot 
from nearly 1000 crucibles each of which had been 
charged with 70 Ib. of bar iron. 

Crucible Failure in the Induction Melting Process. 
A. Gemant and J. Sticher. (Journal of Applied 
Physics, 1945, vol. 16, Nov., pp. 661-667). Exper- 
ience shows that, in the course of the induction 
melting process, local overheating of the crucible 
sometimes occurs, which in extreme cases leads to 
failure. This is probably due to thermal instability. 
Overheating is more probable when the crucible 
material has a steep electrical-resistivity /temperature 
characteristic—a condition which may be caused by 
impurities. Computations are made showing the 
transition from stable to unstable conditions in the 
operation of an experimental and an industrial furnace 
and equations are developed which facilitate the selec- 
tion of a current frequency which will ensure that 
the crucible temperature does not rise above the 
stable range. 

Acid Open-Hearth Steel. J.R.Rait. (British Iron 
and Steel Research Association : Iron and Steel, 1945, 
vol. 18, Dec., pp. 647-654). Factors influencing the 
formation of non-metallic inclusions in acid open- 
hearth steel are discussed. The following conclusions 
are arrived at respecting the deoxidation of this steel : 
(1) The addition of silicon before manganese must 
be avoided because, during solution, the highly con- 
centrated silicon streaks react with oxygen to form 
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refractory particles of almost pure silica; a sub- 
sequent addition of manganese is almost ineffective 
for deoxidation. (2) If silicon is added after man- 
ganese, it is important that the manganese/silicon 
ratio should not fall below 4:1; the time factor 
between the additions is therefore extremely critical. 
(3) The use of silicomanganese alloys, with the ele- 
ments present in the correct ratio, is the surest method 
of producing fluid FeO-MnO-SiO, deoxidation pro- 
ducts. The relative merits of finishing with a high 
or a low FeO content in the slag are discussed. In 
conclusion, casting-pit refractories as a source of 
non-metallic inclusions are considered. 

Acid Open Hearth Slag Fluidity and Its Significance. 
G. R. Fitterer, J. W. Linhart, B. B. Rosenbaum, 
J. B. Kopec, 8. Poch, and W. G. Wilson. (Acid Open 
Hearth Research Association, Sept., 1945, Bulletin 
No.1). The Acid Open Hearth Research Association 
was established in 1942 by a group of American 
companies manufacturing acid open-hearth steel, for 
studying their problems by co-operative research. In 
this bulletin, practical methods of measuring slag 
fluidity and a standard fluidity test for acid open- 
hearth slags are described. The significance of the 
test is discussed. As the slag fluidity decreases during 
a heat, the silica content of the slag increases, the 
ferrous-oxide content and density decrease, and the 
temperature of the metal increases. A simple control 
procedure based on these relationships and the slag- 
fluidity test is described. ‘There are two appendices, 
one on the theories of viscosity, and the other on 
laboratory determinations of slag density. A biblio- 
graphy of 81 references is added. 

The Reduction of Silica by Liquid Steel. W. Geller. 
(Iron and Steel Institute, 1946, Translation Series, 
No. 266). This is an English translation of a paper 
which appeared in Archiv fiir das Eisenhiittenwesen, 
1942, vol. 15, May, pp. 479-490. (See Journ. I. and 
8.1L, 1945, No. IT., p. 184 a.) 

The Origin of Silicate Inclusions in Basic 
Arc Furnace Steel with High Carbon Contents. A. 
Hultgren. (Jernkontorets Annaler, 1945, vol. 129, 
No. 11, pp. 633-671). (In Swedish). The occurrence 
of silicate inclusions in two types of steel made in a 
basic-lined furnace was investigated; one steel con- 
tained 1:10% of carbon and the other was a spring 
steel containing 0-65°% of carbon, 0-70% of silicon 
and 1:0% of manganese. The object was to deter- 
mine the conditions promoting the formation of sili- 
cate inclusions during tapping and pouring, the effect 
of the time the steel was kept in the ladle, and the 
value of certain measures for diminishing the inclu- 
sions. With the metallurgical practice followed, the 
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steel was practically free from inclusions and low in 
oxygen when tapped from the furnace, but in the 
ladle, immediately after tapping, it contained spherical 
drops of silicate in greater quantity the more tur- 
bulent the tapping stream, the proportion present 
varying between 1-4 x 10% and 41 x 10° volume-%. 
The oxygen content also rose during tapping; con- 
trary to expectation, the increase was less in the case 
of a turbulent stream. It is suggested that the 
intimate mixture of the white furnace slag may have 
caused some deoxidation of the steel; this is known 
as the “‘ Perrin effect.” Keeping the steel in the 
ladle for a few minutes caused the greater part of 
the silicates to disappear. For instance, the quantity 
was reduced from 12 x 10° to 1:2 x 10 volume-% 
in 4 min. In the same period the average diameter 
of the inclusions greater than 0-010 mm. decreased 
from 0-031-0-108 to 0-022-0-041 mm., and their 
structure also altered; when just formed they were 
mainly crystalline, whilst after a few minutes they 
were more or less glassy. It may be assumed that 
the oxidation of the tapping stream results in the 
formation of a silicate relatively rich in iron and 
manganese oxides. This will gradually dissolve in 
the unsaturated liquid steel and, by reaction with the 
silicon in the steel, the latter will become poorer in 
these oxides and richer in silica. At the same time the 
greater part of the larger inclusions will disappear 
from the steel by rising to the surface. Some 2-in. 
ingots were cast from the ladle using normal and 
restricted streams; the restriction caused an enor- 
mous increase in the inclusions. Evidence of the 
reactions between the inclusions and the steel was 
retained by the rapid freezing of the steel immediately 
after the formation of the inclusions which appeared 
as swarms of small drops around the larger ones. 
With ordinary 9 to 14-in. square ingots cast from 
the ladle, the silicate inclusions amounted to 0-1 « 
10° to 0-9 x 10% volume-% (generally less than 
0-5 x 10-%). Restricting the pouring stream or blow- 
ing air on to it had no appreciable effect on the 
quantity of inclusions, presumably because the silicate 
drops which did form had time to escape by rising. 
The last ingot to be poured was liable to contain a 
large number of silicate inclusions. When a Caspers- 
son ladle was attached to the furnace and the steel 
was protected by an atmosphere of purified nitrogen, 
the silicate inclusions in the ingots were as low as 
0-02 x 10% volume-%. The growth of the inclusions 
before the steel freezes in the mould is thought to 
be due to precipitation from solution and to diffusion 
in the liquid steel, and not to the coalescence of small 
drops. 
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Electric-Pneumatic Hammers and Steam or Com- 
pressed Air Hammers, with Particular Reference to 
Their Economy. fF. Knorr. (Stahl und Hisen, 1943, 
vol. 63, June 3, pp. 433-437; June 10, pp. 456-462). 
Modern electric-pneumatic hammers and steam ham- 
mers are described. The factors affecting their 


efficiency and data on the energy consumption of 
different hammers on similar production operations 
are presented and discussed. 

_ Forging Die Design. J. Mueller. (Steel Process- 
ing, 1945, vol. 31, Nov., pp. 696-698). Some of the 
principles applied in the design of cushioned helve- 
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hammers and multiple dies for forging shafting are 
discussed. 

Processing and Fabrication of Stainless Steel Sheet 
and Plate Products. H.S. Schaufus and W. H. Braun. 
(Steel Processing, 1945, vol. 31, Oct., pp. 625-629 ; 
Nov., pp. 691-694). In the first of this series of 
articles the composition, structure and properties of 
the stainless steels are dealt with, and in the second 
part the annealing, stabilizing and stress-relieving are 
discussed with micrographs of the structures obtained. 

Drawing Stainless Cylinders. L. E. Browne. (Steel, 
1945, vol. 117, Dec. 10, pp. 116, 117, 170). Inner 
cylinders which serve as vacuum chambers for water- 
cooled ignition tubes of stainless steel have been 
successfully drawn with the two ends of greater 
diameter than the centre, the final dimensions being 
accurate within 0-010 in. Details of the drawing 
process are given. 

Cold Metal Contour Forming. R. A. MacKenzie. 
(Steel, 1945, vol. 117, Dec. 10, pp. 112-113, 164-166). 
Machines for stretch-forming and contour-forming 
sheet metal into a wide variety of complicated shapes 
are described. These machines do not require such 
expensive dies as do hydraulic presses. 

Elastic Properties of Steel Wire Intended for Springs 
and Formed Parts. N. C. Talmadge. (Wire and 
Wire Products, 1945, vol. 20, Nov., pp. 859-861, 884). 
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It was found that a cold-drawn wire was suitable for 
coiling into springs when the yield point was between 
56% and 75% of the tensile strength; with higher 
yield-point ratios the wire was unsuitable. The effect 
of straightening and tempering at different tempera- 
tures on the tensile strength, yield point, and elonga- 
tion of hard-drawn steel wires 0-092, 0-100, and 0-120 
in. in dia. is discussed and test data are presented. 

Reactive Wire Drawing. II. Janet M. Howden and 
R. W. Lunt. (Wire Industry, 1945, vol. 12, Dec., 
pp. 641-645). The available data for reactive wire- 
drawing are examined to derive values for the co- 
efficient of friction between the wire and the die, the 
mean pressure between the wire and the die, and a 
factor which is likely to determine the increase in 
die life which is obtained by replacing non-reactive 
by reactive drawing. 

A Chronology of Wire and Wire Products. F. R. 
Morral. (Wire and Wire Products, 1945, vol. 20, 
Nov., pp. 862-866, 885-887). A very comprehensive 
chronology of the history of the development of wire 
making from the discovery of copper up to 1942 is 
presented. The chronology is the result of research 
work using French, German, English and American 
publications, and it is claimed that a complete search 
of all books, patents, and journals in different lan- 
guages was made. 
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Neutral Salt Bath Hardening. L.F.Train. (Ameri- 
can Society for Metals: Canadian Metals and Metal- 
lurgical Industries, 1945, vol. 8, Nov., pp. 31, 48). 
A description is given of a set of four electrically 
heated salt-bath furnaces for heat-treating tools. The 
four furnaces are for preheating to 1200-1750° F., 
bringing up to the hardening temperature in the 
1750-2350° F. range, quenching in molten salt at 
1200-1250° F., and tempering at 400-1100° F., 
respectively. 

Manufacture of File Hard Precision Gears. W. G. 
Guthrie. (Metal Progress, 1945, vol. 48, Dec., pp. 
1300-1305). A description is given of one of the 
General Motors Corporation plants for the heat- 
treatment of gears of 3-5%-nickel, 1-5%%-chromium 
steel. The carburizing is carried out in ‘‘ Homo- 
Carb ” atmosphere-controlled furnaces. 

Modern Heat Treatment of Steel. A.C. Macdonald. 
(Journal of the Institution of Production Engineers, 
1946, vol. 25, Jan., pp. 1-28). A comprehensive 
account of the theory of heat-treatment is presented. 
Definitions of terms are given, the effects of alloying 
elements are explained, and descriptions are given of 
the Jominy end-quench test, refrigeration treatment, 
and induction hardening. 

Modern Heat Treatment of Ferrous Materials. J. RB. 
Mott. (American Society for Metals: Canadian 
Metals and Metallurgical Industries, 1945, vol. 8, 
Nov., pp. 26-28). The preparation of atmospheres 
for carburizing steel is discussed and methods of 
determining whether the surface of steel has been 
carburized or decarburized are described. 


Surface Hardening. Possibilities of its Application 
to Castings. M.B.de Jessey. (Iron and Steel, 1945, 
vol. 18, Dec., pp. 667-669). This is a translation of 
an article published in “ Bulletin de | Association 
Technique de Fonderie,” dealing with the surface 
hardening of iron castings. The process consists of 
raising a part of the metal locally to the hardening 
temperature and quenching it, the structure and 
constitution of the rest of the casting remaining un- 
changed. Two methods of heating are in use: viz. 
by induction and by blowpipe. The hardening tech- 
nique is fully described. 

The Development of Induction Furnaces and Physical 
Laws. L. Dreyfus. (Teknisk Tidskrift, 1946, vol. 
76, Feb. 2, pp. 113-123). (In Swedish). The theory 
governing the design of high-frequency induction 
furnaces is critically discussed with special refer- 
ence to furnaces for hardening and tempering rock- 
boring bits and gear teeth, examples of which are 
described. 

Induction Heating. J. S. Edgar. (American So- 
ciety for Metals: Canadian Metals and Metallurgical 
Industries, 1945, vol. 8, Nov., pp. 28-30). Several 
examples of the application of induction hardening 
are described. 

High-Frequency Heating. (Automobile Engineer, 
1946, vol. 36, Jan., pp. 13-19). The basic principles 
of induction heating, the fields of application, and 
efficiencies are outlined. The three types of equip- 
ment, motor-generator, spark-gap converter, and 
thermionic oscillator are discussed. Special-purpose 
machines for through-heating, surface hardening, 
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semi-continuous operation, and localized heating are 
described in detail. 

Effects of Various Surface and Structural Conditions 
on Nitriding. R. W. Allott. (Machine Shop Maga- 
zine, 1945, vol. 6, Dec., pp. 90-92). The author 
disagrees with the conclusions drawn by F. F. Dodson 
(see Journ. I. and S.I., 1945, No. II., p. 139 a) relating 
to the causes of defects in nitrided cases. Experi- 
ments are described which support the view that 
defects in nitrided cases are not necessarily due to 
the presence of grease or oxide films. 

Some Aspects of the Overheating of Steel Drop- 
Forgings. H. J. Merchant. (Iron and Steel Insti- 
tute, 1946, this Journal, Section I.). The effects of 
overheating on the serviceability of steel drop-forg- 
ings, particularly in relation to their use in aero- 
engine construction, are discussed. The principal 
causes of, and factors influencing, overheating are 
described, and an attempt is made to differentiate 
between overheated steel, severely overheated steel, 
and burnt steel. The greater part of the paper is 
devoted to a description of the methods used to 
detect overheating in alloy steel, namely, examina- 
tion of the surface and of the fracture, metallographic 
examination, and mechanical testing. Work carried 
out with a view to studying obscure aspects of the 
subject, together with an attempt to establish frac- 
ture-test standards, is described. An account is 
given of methods of preventing overheating and of 
reclaiming overheated steel. Finally, there are some 
notes on the occurrence of overheating in American 
steels, and some suggestions are given regarding 
directions which might be taken by future research 
on this subject. 

The Overheating and Burning of Steel. 
A. Hartley, S. E. Mayer, and J. Nutting. (Iron and 
Steel Institute, 1946, this Journal, Section I.). The 
overheating properties of a wide variety of steels 
have been examined. The temperatures of over- 
heating have been determined on the basis of the 
fracture and etch tests, a critical examination of 
these tests showing them to be satisfactory for this 
purpose. 

There would appear to be no clear relationship 
between the overheating temperature and the normal 
specified analysis of the steel, or its oxygen and 
nitrogen contents. Open-hearth steels have generally 
a higher overheating temperature than electric steels. 
An unexpected correlation has been observed between 
_the inclusion content of a steel and its overheating 
temperature. 

Furnace conditions, such as composition of the 
atmosphere, soaking time, and the rate of cooling, 
have been studied in relation to overheating. From 
this, the possibility of a slow cooling treatment as an 
effective method of restoring overheated steels has 
been indicated. The effect of overheating upon the 
tensile and Izod properties has also been examined. 

Results obtained in this investigation provide 
further information on the mechanism of overheating. 

The Effect of Oxygen on the Isothermal Trans- 
formations of Steel, and a Suggested Test for Burning. 
F. C. Thompson and L. R. Stanton. (Iron and Steel 
Institute, 1946, this Journal, Section I.). Samples 
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of a series of plain carbon steel have been locally 
burned, and subsequently isothermally quenched to 
various temperatures, with a view to finding a test 
for burned material. 

The results show that certain steels are rendered 
more reactive by burning, and this suggests a dis- 
placement of the inherent S-curve; the nature of 
the final product of transformation indicates that 
this displacement is in a vertical direction, which in 
effect acts as a shift to the left. 

The deduction is made that this behaviour is due 
to the introduction of oxygen during burning, which 
probably acts indirectly. 

The effect is absent in other steels of similar com- 
position, as determined by ordinary methods of 
analysis, and in general it is found to be too erratic 
to offer a universal test for burning. 

Overheating and Burning of Nickel-Chromium- 
Molybdenum Steel. W.E. Goodrich. (Iron and Steel 
Institute, 1946, this Journal, Section I.). Occa- 
sionally, fractured test-pieces removed from forgings 
for routine inspection have disclosed small areas of 
granular facets, which some inspectors have inter- 
preted as indicative of ‘“ burnt’”’ steel. More con- 
servative opinion, however, has regarded these areas 
as possible signs of ‘“‘ overheating,’ and that the 
evidence of such a condition might be masked by 
slow rates of cooling while, on the other hand, signs 
of overheating, as judged by fractures, may occur in 
material which has not, in fact, been overheated. 
A series of experiments were therefore conducted on 
sections machined from a nickel—-chromium—molybde- 
num-—vanadium steel forging, the sections being heated 
to initial temperatures varying between 1250° and 
1400° C. and, afterwards, subjected to various cooling 
treatments, in some cases followed by a further stan- 
dard oil-hardening and tempering operation. After- 
wards, the specimens were fractured and their frac- 
tures and metallographic structures, in the various 
heat-treated conditions, are described. 

It has been shown that a repetition of normal oil- 
hardening and tempering treatments, or slow cooling 
from overheating temperatures, can appreciably re- 
duce, and in many cases entirely eliminate, the 
abnormal granular type of fracture. All the evidence 
obtained indicated that it was necessary to cool fairly 
rapidly through the upper critical range to create 
conditions favourable for the formation of the granular 
facets, and even then tempering temperatures exceed- 
ing approximately 400° C. were necessary to produce 
the relative strengths of the crystals and crystal 
boundaries required for their formation. 

Even at overheating temperatures of the order of _ 
1400° C., no incipient fusion was detected at the 
grain boundaries or within the grains, though there 
were signs of a metallographic change apparently 
taking place in the solid state at the grain boundaries 
and also originating from non-metallic nuclei within 
the grains. 

Some Experiments on Overheating. J. Woolman 
and H. W. Kirkby. (Iron and Steel Institute, 1946, 
this Journal, Section I.). A series of experiments 
has been carried out which were designed to throw 
light on the phenomenon of overheating and the 
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factors affecting it. Some evidence is submitted in 
support of a hypothesis that the overheating phen- 
omenon indicated by facet fractures is a precipitation 
effect and is not the result of external gas atmospheres. 
It is considered that the precipitate is already present 
in the steel as cast, and the effect of heating to a high 
temperature is to redissolve it. Subsequent cooling, 
if at a suitable rate, results in a precipitate forming 
at the existing austenite boundaries which then per- 
sist as a network. This is reflected in the final frac- 
ture test by interruptions in the final path of the 
crack, giving rise to the facet type of fracture. The 
indications are that the rate of cooling from the over- 
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heating temperature is an important factor in pro- 
ducing facet fractures. The method of steelmaking 
and the addition of aluminium and other killing agents 
also have an influence on the minimum overheating 
temperature, although the reasons for both effects are 
not yet clear. The vacuum-melting experiments 
have also shown that a material having a very high 
overheating temperature can be substantially re- 
duced by remelting, although the variables due to 
changes in composition introduce complexities. Be- 
sides oxygen, the sulphur contents appear to play an 
important rdle in the phenomenon. 
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An Analytical Examination of Weld Deposits from 
Commercial Mild Steel Electrodes to Specification 
B.S.S. 639A, and the Manufacture of Artificial Weld 
Metal. G. L. Hopkin. (British Welding Research 
Association, Symposium on Metallurgy of Steel Weld- 
ing, Nov., 1945). A series of deposits from twenty 
commercial mild steel electrodes have been examined 
analytically. Large variations were found in the 
nitrogen contents of samples taken from top and 
bottom of deposits made with 12 S.W.G. electrodes, 
but the differences decreased as the electrode size 
increased and in 50% of the 4 S.W.G. electrodes the 
bottom of the deposit showed a higher content than 
the top. Large variations in silicon content were 
found between the different gauges, the 12 S.W.G. 
electrodes invariably containing the highest content. 
To study the effect of nitrogen on the mechanical 
properties of cast steel of weld-metal composition, 
attempts were made to manufacture an artificial weld 
metal high in nitrogen. It was found, however, that 
exceedingly long annealing times would be required 
in order to obtain diffusion of the nitrogen to the 
centre of the specimens ; this investigation was there- 
fore discontinued. 

Comments on the Rdle of Hydrogen in Relation to 
the Cracking of Alloy Steels on Welding. G. L. 
Hopkin. (British Welding Research Association, Sym- 
posium on Metallurgy of Steel Welding, Nov., 1945). 
The theories put forward to explain why the heat- 
affected zones of parent plate vary in their apparent 
brittleness when different welding electrodes are used 
are discussed. The main factor, according to the 
author’s theory, is the quantity of hydrogen which 
diffuses into the somewhat brittle and stressed heat- 
affected zones during cooling and when cold. Tests 
have shown that the killed ferritic deposits evolve 
two to three times the volume of hydrogen in the 
cold which is evolved by specially made low-hydrogen 
electrodes, and that these, in turn, evolve about two 
to three times the hydrogen given off from the 
“‘ oxidised ” deposits. Little or no gas is evolved 
from the austenitic deposits. 

The Effect of Initial Heating Temperature on the 
Mechanical Properties of an Air-Hardened Ni-Cr—-Mo 
Steel. J.A. Wheeler and V. Kondic. (British Weld- 
ing Research Association, Symposium on Metallurgy 
of Steel Welding, Nov., 1945). A report is presented 
of an investigation of the effect of the temperature 


to which an air-hardening steel is heated before 
quenching, on the mechanical properties of the mar- 
tensite which is formed. The temperature range 
covered was 850-1475° C., which includes almost the 
whole range of heat-treatment temperatures charac- 
teristic of the hardened zone of a weld. The steel 
used contained 3-38°% of nickel, 0-65% of chromium, 
and 0-26°% of molybdenum. There was evidence of 
a slight abnormality in the region of 1350° C. as 
there was a drop in the hardness and tensile strength 
after initial treatment at this temperature. 

Electro-Physics of the Welding Arc. L. H. Orton. 
(British Welding Research Association, Symposium 
on Metallurgy of Welding, Nov., 1945). Work already 
done on the physics of the welding arc is reviewed 
and the programme of work to be carried out by the 
Committee on ‘‘ The Electro-Physics of the Are ”’ is 
outlined. 

Cracking of Welded Gas Mains. L. Reeve. (British 
Welding Research Association, Symposium on Metal- 
lurgy of Welding, Nov., 1945). The causes of failure 
of welded gas mains by cracks appearing near butt 
and fillet welds are being investigated. Similar cracks 
have been developed in welded steel plate immersed 
in boiling solutions of ammonium, calcium, and 
sodium nitrate in as short a period as 16 hr., and the 
following tentative conclusions have been arrived at : 
(1) A minimum degree of stress, which varies with 
the type of steel used, must be present to produce 
failure; the most sensitive steels will fail at an 
imposed stress of less than 4 tons per sq. in. in the 
absence of plastic strain. (2) With severe plastic 
strain, failure will occur within 10 days with all the 
types of steel that have been tested. (3) Failure can 
be prevented by stress-relieving treatment. 

An Apparatus for the Determination of the Viscosity 
of Welding Slags. P. K. Gledhill. (British Welding 
Research Association, Symposium on Metallurgy of 
Steel Welding, Nov., 1945). A description is given 
of a modified Herty-type viscometer with which rapid 
determinations of the viscosity of welding slags can 
be made. 

Statement on Weldability Tests for Specification 
Purposes. H. O’Neill. (British Welding Research 
Association, Symposium on Metallurgy of Steel Weld- 
ing, Nov., 1945). A brief survey is made of the 
work done by Committee FM.2 of the British Welding 
Research Association which is studying weldability 
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tests. All known tests have been reviewed, but only 
the following are receiving further consideration : 
(a) The tube triangle test; (b) the circular patch 
test; (c) the Reeve fillet test ; and (d) the rigid butt 
joint test. 

The Flash Welding of Steel. J.C. Barrett. (Iron 
and Steel Engineer, 1945, vol. 22, Dec., pp. 103-113). 
The principles of flash-welding are discussed and their 
applications to modern production problems are 
described. Many illustrations of machines for flash- 
butt-welding bars up to 1? in. in dia., aircraft landing 
gear assemblies, and crankshaft counterweights are 
reproduced. 

Production Technique and Quality of Flash-Welded 
Joints. H. Kilger. (Welding Journal, 1945, vol. 24, 
Aug., pp. 413-S-432-S ; Oct., pp. 506-S-520-S). An 
English translation is presented of sections of Part IT. 
of Dr. Hans Kilger’s book “ Fertigungstechnik und 
Giite abbrenngeschweisster Verbindungen ’’ which was 
published in 1936. Although the work is limited to 
manually operated machines and to the simpler com- 
mercial carbon steels, the author has considered, and 
to some extent solved, many of the problems con- 
fronting the welding industry. 

Observations on the Appearance Welding of Malle- 
able Castings. H. A. Schwartz, I. Young, and J. 
Hedberg. (American Society for Testing Materials, 
1945, Preprint No. 31). The repair of malleable iron 
castings by welding is discussed with special reference 
to the microstructure which is to be expected after 
employing different welding techniques. It is con- 
sidered that, with a short heat-treatment after weld- 
ing, a machinable repair can be effected. 

The Distortion of Steel Joists Welded on One Flange. 
R. Malisius. (Zeitschrift des Vereines deutscher In- 
genieure, 1940, vol. 84, Sept. 7, pp. 661-662). Accu- 
rate measurements were made of the distortion of 
flat steel bars and joists caused by the deposition of 
weld metal along one edge or flange. The effects of 
different thickness and width of the parent metal on 
the hogging and sagging during and after welding 
was studied. 

Straining of Weld Metal during Cooling. EK. P. 
De Garmo. (Iron Age, 1945, vol. 156, Dec. 20, pp. 
48-50). Failures have occurred in welded joints 
where the weld metal is deposited on plates offering 
a high degree of restraint, and in these cases the weld 
metal exhibited no ductility. Specimens were cut 
from different positions along a butt weld 2 ft. long 
joining two large plates 1 in. thick. Those from the 
ends of the weld, which had not been plastically 
strained during cooling, were given known amounts 
of plastic strain. Tensile tests were then made on 
all the specimens and the yield points, maximum 
and ultimate loads and total elongations were very 
accurately determined. A comparison of the results 
revealed that the metal half-way along the weld had 
been strained plastically by an amount equivalent 
to a stress higher than the yield point. 

Effect of Three Variables in Spot-Welding. H. Van 
Sciver. (Metal Progress, 1945, vol. 48, Dec., pp. 
1292-1295). The strength and structure of spot 
welds in 18/8 stainless steel sheet 0-075 in. thick was 
investigated by series of tests in which three of the 
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four conditions, viz., current, time, tip pressure, and 
electrode shape, were kept constant and the fourth was 
varied. The results are indicated by a series of 32 
photographs of sections through the welds. 

Weldability. A. Leroy. (Revue de Métallurgie, 
Mémoires, 1944, vol. 41, Jan., pp. 26-32). A short 
review is presented of welding methods and tests, 
and factors influencing the weldability of metals are 
discussed. 

Weldability Factors for 18-8 Stainless. F. H. Page, 
jun. (Iron Age, 1945, vol. 156, Dec. 27, pp. 58-61). 
Different heats of stabilized 18/8 stainless steel are 
known to show wide differences in weldability even 
when their chemical composition complies with official 
specifications. The effects of slight variations in the 
percentages of silicon, manganese, and other elements 
on the weldability are discussed. 

The Fatigue Strength and Notch Sensitivity of 
Electric-Arc Weld Metal. C. Schaub. (Teknisk Tid- 
skrift, 1945, vol. 75, Nov. 17, pp. 1263-1266). (In 
Swedish). The results of rotating bend-fatigue tests 
on specimens of weld metal machined with different 
radii at the shoulder are presented and discussed. 
These show that the notch sensitivity of weld metal 
is greater than is generally believed. 

The Production and Repair of High-Speed Steel 
Tools by Welding. KR. Gunnert. (Teknisk Tidskrift, 
1946, vol. 76, Jan. 19, pp. 57-64). (In Swedish). 
A comprehensive account is given of the production, 
heat-treatment, and repair of high-speed steel tools 
and milling cutters by the deposition of tungsten- 
steel weld metal. The influence of different heat- 
treatments on tool life is discussed. 

The Cold-Welding of Cast Iron. P. Krug. (Zeit- 
schrift des Vereines deutscher Ingenieure, 1940, vol. 
84, Oct. 12, pp. 777-783). Hardness and tensile tests 
were carried out on electric-welded joints in five 
different cast irons. The joints were cold-welded (i.e., 
without preheating) and the effect of spraying the 
joint faces with aluminium, lead, zinc, nickel, and . 
copper was studied. Coating with copper greatly 
improved the quality of the welds obtained in irons 
with poor welding properties. More than 1% of 
phosphorus in the cast iron has a detrimental effect 
on the weldability. 

Repair of Rolling-Mill Pinion by Thermit Welding. 
(Engineering, 1946, vol. 161, Jan. 11, pp. 32-33). 
An account is given of the technique employed for 
the repair by thermit welding of a broken pinion shaft 
for a rolling mill. The broken portion of the 27-in. 
dia. shaft was parted off and a new length of shaft 
27; in. in dia. was successfully welded on by the 
thermit process. 

Aluminium Bronze Welding in Steel Plant Main- 
tenance. F. E. Garriott. (Iron and Steel Engineer, 
1945, vol. 22, Dec., pp. 98-102). The application of 
aluminium-bronzes (t.e., copper alloys containing 5- 
14% of aluminium and up to 5% of iron) in steel mills 
for repairing equipment subject to wear and corrosive 
attack is discussed and the mechanical properties of 
the alloys detailed. Their application in the form of 
coated electrodes for metallic-arc, carbon-arc, and 
oxy-acetylene welding to make joints of high strength 
for maintenance work is dealt with. 
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Production Brazing Developments. (Machinery, 
1946, vol. 68, Jan. 17, pp. 77-84). After a historical 
review of brazing and soldering methods the modern 
technique is described and illustrated, and the post- 
war possibilities in production discussed. Various 
applications are described, among them the fabrica- 
tion and repair of tools. Whilst the older methods 
required skilled operators, the modern high-produc- 
tion methods tend to eliminate the human element 
by employing automatic or semi-automatic means of 
heating (e.g., by induction). The silver-copper-cad- 
mium-zine alloy is mainly used in the form of wire, 
rod, or sheet in a wide variety of sizes. The import- 
ance of cleaning is emphasized. 

New “ Heenan ”’ Plant ; Chain Making Equipment. 
(Wire Industry, 1945, vol. 12, Dec., pp. 637-639). 
Modern machinery for forming and welding chains is 
described. 


Powdered Metal Welding Rods. (Steel, 1945, vol. 
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117, Dec. 10, pp. 1380, 133). A new process is de- 
scribed, which was developed for making electrodes 
for welding alloy steels by compacting powdered 
metals around an iron wire core. 

Standardization in Welding. (Zeitschrift des Ver- 
eines deutscher Ingenieure, 1940, vol. 84, May 11, 
pp. 325-329). Particulars are given of the proposed 
German standard specifications for welding pro- 
cesses. Draughtsmen’s symbols for welded joints, 
which are intended to bring up-to-date the DIN 
1910/12 specifications issued in 1927, are also given. 

Oxy-Acetylene Cutting. P. Krug. (Zeitschrift des 
Vereines deutscher Ingenieure, 1940, vol. 84, Sept. 21, 
pp. 713-716). Some German oxy-acetylene cutting 
machines are described and data on cutting speeds, 
consumption of oxygen and acetylene, and the effect 
of alloying elements on the cutting process are pre- 
sented and discussed. 
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Machinability. (Automobile Engineer, 1945, vol. 
35, Dec., p. 553). A discussion of machinability, 
defined as the property of the material that affects 
the speed at which a given cut may be taken, and its 
importance in production economics, is presented. 
It is shown by machining experiments that the struc- 
ture of the metal has a marked influence on the 
machinability of steel. The degree of machinability 
(in turning, forming, drilling, and broaching) of steels 
heat-treated in various ways is given in a table. 

Machinability of Sulphurized Steels. H. M. Clarke. 
(Steel, 1946, vol. 117, Dec. 17, pp. 116-119, 162). 
Various processes of adding sulphur to steel to give 
it good machining properties have been patented. 
In this paper an addition in the form of an anhydrous 
sulphite is advocated. The results of machining tests 
on steels sulphurized by this method are presented 
and discussed. 

The Measurement of Finely Finished Surfaces by 


Optical Interference. C. Timms. (Journal of Scien- 
tific Instruments, 1945, vol. 22, Dec., pp. 245-246). 
The author describes a method of measuring the 
depth and pitch’of fine surface irregularities as pro- 
duced by lapping or similar refined processes, by 
making use of optical interference. It is strictly 
limited to fine finishes where the surface irregularities 
do not exceed 0-00001 in. total depth. The method 
is self-calibrating since the separation of any two 
adjacent fringes automatically provides a scale of 
units each corresponding to half the wave-length of 
the light used. 

Optical Methods of Examining the Quality of Sur- 
faces. B.Frischmuth. (Schweizer Archiv, 1945, vol. 
11, Sept., 262-269). Optical methods of evaluating 
metal surfaces are reviewed and a description is given 
of an instrument which, in conjunction with a metallo- 
graphic microscope, enables evaluations to be made 
by the light-interference method. 
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Glycerine in Metal Treatment. G. Leffingwell and 
M. A. Lesser. (Engineering Materials and Processing 
Methods, 1945, vol. 22, Nov., pp. 1432-1434). The 
literature on the use of glycerine in solutions for 
cleaning metals is reviewed. 

The Use of Steel Turnings as a Cleaning Medium 
Instead of Steel Grit. A. Kentischer. (Giesserei, 
1944, vol. 31, July, pp. 101-106). Owing to the 
difficulty in obtaining steel grit for cleaning castings 
tests were made using cast-iron borings, chips from 
the planing of cast iron, and steel turnings. All three 
materials were found to be good substitutes. When 
steel turnings were broken up by tumbling with small 
castings in a revolving drum, the product had about 
the same particle size as the steel grit and it had a 


longer life when used for cleaning by the centrifugal 
method. A great saving was effected, as the broken 
steel turnings cost only 15% of the price of the 
steel grit. 

Cleaning Castings by the MHydro-Blast System. 
(Machinery, 1945, vol. 67, Dec. 13, pp. 672-674). A 
detailed description is given of the equipment for 
cleaning castings by the Hydro-blast system in which 
a stream of water and sand at high pressure (1200 
Ib./sq. in.) is projected against the casting from a 


Electrolytic Methods of Polishing Metals. S. Wer- 
nick. (Sheet Metal Industries, 1945, vol. 22, July, 
pp. 1221-1222, 1229-1233; Sept., pp. 1586-1592 ; 
Nov., pp. 1951-1958). Conclusion of a series of 
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articles (see Journ. I. and §.J., 1945, No. II., p. 61). 
In Part VIII. the polishing of the precious metals is 
described. Part IX. is devoted to the polishing of 
rhodium. In Part X. the literature on the electro- 
lytic polishing of carbon steels is reviewed. 

Selection of Metal Cleaning Methods. C. D. Towns- 
end. (Engineering Materials and Processing Methods, 
1945, vol. 22, Nov., pp. 1411-1417). Petroleum sol- 
vents, emulsifiable cleaners, alkaline cleaners, vapour- 
degreasing, blast-cleaning and tumbling are discussed 
and the characteristics of each process are pointed 
out. 

Vapor Degreasing. J.C. Joyce. (Steel, 1945, vol. 
117, Nov. 26, pp. 110-116). Descriptions are given 
of modern electric and gas-heated degreasing plants 
employing perchlorethylene or trichlorethylene. 

Sodium Hydride Descaling. L. W. Townsend. 
(Steel, 1945, vol. 117, Nov. 12, pp. 122-123, 180- 
184). A problem in the production of stainless clad 
steel was to obtain a white pickled stainless steel 
surface and at the same time prevent the over- 
pickling of the low-alloy backing steel. The bath 
prepared for this purpose consisted of molten caustic 
soda at 700° F. into which metallic sodium and hydro- 
gen were introduced to form a solution of 2-3% 
sodium hydride. After hosing the steel with water 
at high pressure it is dipped for 2 min. in a 5-10% 
sulphuric acid bath followed by immersion for 2-3 
min. in 10% nitric acid at 160° F. 

Descaling Stainless Steel. (Steel, 1945, vol. 117, 
Nov. 19, pp. 121, 180-182). The application of the 
sodium-hydride descaling process (see preceding ab- 
stract) to the cleaning of coils of stainless steel wire 
is described and illustrated. 

Sodium Hydride Process for Descaling Steel. J. 
Albin. (Iron Age, 1945, vol. 156, Nov. 8, pp. 58-63). 
The development of the plant and process for de- 
scaling alloy steels, and especially stainless steel, in 
a solution of sodium hydride and caustic soda is 
described (see preceding abstracts). 

The Effects of Different Methods of Pretreating Iron 
and Steel before Painting. F. Fancutt. (Iron and 
Steel Institute, 1946, Special Report No. 31). The 
dependence of the durability of paint applied to iron 
and steel upon the surface condition is strongly 
emphasized by the results of this investigation. All 
treatments tested which leave the steel surface in a 
rust-free, scale-free condition at the time of paint 
application are comparable in presenting an “ ideal ” 
surface for painting, and the choice between them 
will generally be determined on economic grounds or 
convenience of operation. 

The simultaneous presence of rust and scale below 
a paint film induces rapid breakdown, while light 
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surface rust in the absence of scale, though accelerat- 
ing paint failure, is not so deleterious, especially 
where red-lead paint is used in priming. Exposure 
of the descaled steel, unless accompanied by the 
formation of a visible film of rust, does not, however, 
shorten the life of paint subsequently applied. 

The durability of paint applied to the as-rolled 
surface (7.e., scale bearing, but rust-free), provided 
the film of scale is practically complete and unbroken, 
is much the same as for the scale-free, rust-free surface. 

The rate of breakdown of paint applied to a clean, 
rust-free, scale-free surface appears to be mainly a 
function of the paint itself, and to be largely inde- 
pendent of (a) the type of steel, (b) the descaling 
method employed, 7.e., chemical or mechanical, (c) 
nature of acid used, (d) the presence or absence of 
inhibitors added to the pickling bath, and (e) the 
washing process employed after pickling. 

The life of paint applied to a steel surface not in 
the ideal condition is, on the other hand, influenced 
by a number of factors, including (a) the type of 
steel, and (b) the nature of acid used, in addition to 
the sometimes overwhelming factor of surface con- 
dition. 

The method of paint application is of importance 
when it influences the weight of paint applied, and 
in this investigation spray-applied films were heavier 
and consequently more durable than brushed ones. 
Red-lead priming is much superior to red oxide on 
rusty surfaces, but the difference is less, and may 
even be reversed under certain conditions, when rust- 
free, scale-free surfaces are involved. 

Flame-Priming Steel Surfaces for Painting. R. J. 
Anderson. (Engineering Journal, 1945, vol. 28, Nov., 
pp. 707-712). The behaviour of rust and mill-scale 
on heating is discussed and the flame-priming (heating 
with a multiple-burner oxy-acetylene torch) of steel 
surfaces to prepare them for painting is described. 
A burner head 6 in. wide has 49 flame ports } in. 
apart. If the burner is kept moving at 35 ft./min., 
about 13 cu. ft. each of oxygen and acetylene would 
be consumed for every 100 sq. ft. of surface. 

A Mixed Acid Pickling and Recovery Installation 
Based on the De Lattre Process. E. W. Mulcahy. 
(Sheet Metal Industries, 1946, vol. 23, Jan., pp. 77- 
81). A description of the De Lattre pickling process 
has been given by A. McLeod (see Journ. I. and S.L., 
1940, No. IT., p. 189 a); since then two plants have 
been installed in Great Britain and a description of 
the larger one is given in this paper. Special advan- 
tages of the process are that the recovery method has 
reduced the acid consumption to a minimum; and 
the steam consumption also is low owing to the lower 
working temperatures required. 
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Plating with Insoluble Anodes. W. R. Binai. 
(Metal Finishing, 1945, vol. 43, Apr., pp. 144-146, 
147). The advantages and disadvantages of plating 
with insoluble anodes are discussed. 


Electroplating Metal Sheets Prior to Fabrication. 


E. A. Ollard and E. B. Smith. (Sheet Metal Indus- 
tries, 1946, vol. 23, Jan., pp. 116-126). Details are 
given of the production of electroplated steel strip for 
making pressings and stampings. 

An Examination of Electroplating Processes for 
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Stainless Steels. H. Krause. (Korrosion und Metall- 
schutz, 1940, vol. 16, Sept., pp. 304-308). Old and 
new methods of plating stainless steels are reviewed. 

Hard Chromium Plating. J. J. Dale. (Monthly 
Review of the American Electroplaters’ Society, 1945, 
vol. 32, June, pp. 581-594, 619). A general survey 
of the technique and use of hard chromium plating 
is presented. Operating characteristics of the baths, 
pretreatments for the metals to be plated, and prac- 
tical advice to ensure good results are included. 

The Application of Electrolytic Chromium as Pro- 
tection Against Corrosion. K. Gebauer. (Korrosion 
und Metallschutz, 1940, vol. 16, Sept., pp. 297-299). 
Methods of plating chromium on iron and steel by 
electrolysis are discussed, with special reference to 
the conditions which prevent the formation of porous 
or cracked coatings. 

Nickel Flashing and Its Relation to Enamel Adher- 
ence. E. Wainer and W. J. Baldwin. (Journal of 
the American Ceramic Society, 1945, vol. 28, Nov., 
pp. 317-326). The manner in which a flash coat of 
nickel improves the adherence of enamel on steel is 
discussed. The role of nickel in improving adherence 
is possibly bound up with retarded oxidation. Ad- 
herence may be considered as a corrosion phenomenon 
developed by the action of gases and other reagents. 
The degree of adherence is a function of the oxygen 
pressure at the interface when the glass is fused. 
The equilibria developed are strongly affected by the 
presence of nickel. Using coatings directly on iron, 
the amount of nickel required varies with each par- 
ticular enamel composition. Some evidence regard- 
ing the nature of the oxide that promotes adherence 
is presented. 

The Technique of Sheet Galvanising by the Hot Dip 
Process. H. Edwards. (Sheet Metal Industries, 1945, 
vol. 22, Oct., pp. 1725-1730, 1736; Nov., pp. 1914— 
1922; Dec., pp. 2096-2103, 2108). Conclusion of a 
series of articles on the hot-dip galvanizing process 
as practised at the works of John Summers and Sons, 
Ltd. (See Journ. I. and 8. I., 1945, No. IL., p. 166 a. 

Specification Zinc Plating on Steel Sheets. W. H. 
Safranek. (Monthly Review of the American Elec- 
troplaters’ Society, 1945, vol. 32, June, pp. 567-578). 
The conditions which are essential for good zinc- 
plating on steel sheet for assemblies requiring fairly 
high tensile strength without reduction in ductility 
and corrosion resistance, are discussed. A number 
of graphs and tables correlate the effects of various 
chemicals, temperature, current density, and dilution 
with efficiency and throwing power. 

Current Zinc Electroplating Practice. A. G. Gray. 
(Steel, 1945, vol. 117, Oct. 8, pp. 109, 158-170; Oct. 
15, pp. 186-142; Oct. 22, pp. 129-134; Oct. 29, 
pp. 110-114, 146; Nov. 5, pp. 142-144, 182-186; 
Nov. 12, pp. 132-136). Detailed descriptions of elec- 
trolytic methods of depositing zinc on steel are given ; 
the merits and limitations of acid and of cyanide 
baths are discussed with data on these methods as 
well as on the zine-mercury process. The testing 
and properties of the coatings are also dealt with. 

The Cronak Process as Applied to Zinc Plate. S. E. 
Maxon. (Metal Finishing, 1945, vol. 43, Apr., pp. 
148-149). A method of increasing the corrosion re- 
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sistance of zinc coatings is described. It is called 
the Cronak process, and consists of cleaning the zinc 
surface and dipping in a sodium-dichromate—sulphuric- 
acid solution. 

Developments in Tin and Tin Alloy Coatings. E. S. 
Hedges. (Chemistry and Industry, 1945, Dec. 1, pp. 
370-372). Some results of recent work at the Tin 
Research Institute are reviewed. The most important 
single factor in obtaining high quality tin coatings is 
the preparation of the steel base. Provided that 
rigorous precautions in the preparation are taken, 
acid-stannous-sulphate baths produce the best quality 
coatings ; the alkaline bath deposits are considerably 
less sensitive to the pretreatment. Two methods of 
tinning cast iron are briefly described. 

The Tinning of CastIron. R.A.Cresswell. (Journal 
of the Iron and Steel Institute, 1945, No. II., pp. 157 P— 
169P). The quality of hot-dipped tin coatings on cast 
iron after different pretreatments is investigated, using 
the criteria of continuity of coating, rust resistance, 
and adhesion. The nature of the bond between tin 
and cast iron is also studied by. microscopical 
examination. 

The poor tinning quality of cast iron is shown to 
be caused mainly by the presence of graphite flakes 
and to be intensified by contamination of the iron 
surface by graphitic sludge after pickling in acids. 
Investigation of modifications of the ordinary tinning 
processes shows that improved tin coatings can be 
obtained by reducing the duration of pickling in acids 
to a minimum ; this is facilitated by good mechanical 
cleaning. The best pickling agent is found to be a 
cold mixture containing 5 vol.-% sulphuric acid and 
5 vol.-°%% hydrofluoric acid. The corrosion resistance 
and adhesion of coatings obtained by such modifica- 
tions of ordinary methods are, however, still low. 

Two new methods of preparing cast iron for tinning 
are described, both involving treatment in molten 
salts. The chloride method consists of immersing 
the article in the fused zinc-chloride-sodium-chloride 
eutectic mixture at 300-350° C., followed by dipping 
in tin covered with a layer of the same fused salt 
mixture, at 300° C. This method gives adherent 
protective coatings of tin on cast iron which has been 
well cleaned mechanically. When the cast iron is 
bonded to white metal, consistent adhesion values of 
from 2 to 2-8 tons/sq. in. are obtained. The chloride 
method can be adapted to tinning by wiping. 

The nitrate method was developed to give highly 
adherent coatings of tin and involves the following 
steps: light pickling in acid to “ open up ”’ graphite 
flakes; immersion for 15 min. at 300-350° C. in 
fused sodium-nitrate—potassium-nitrate eutectic mix- 
ture in order to oxidise surface graphite; pickling in 
dilute hydrofluoric acid to remove the scale formed 
in the nitrate bath; fluxing and tinning. Adhesion 
values of up to 3-8 tons/sq. in. are obtained between 
tin-base bearing alloy and cast iron tinned by this 
method. Microscopical examination of the bond 
shows that the tin penetrates cavities formerly 
occupied by graphite. 

Electrodeposition of Iron-Tungsten Alloys from an 
Acid Plating Bath. M. L. Holt and R. E. Black. 
(Electrochemical Society : Metal Finishing, 1945, vol. 
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43, Apr., pp. 150-153, 176). A report is presented 
on the possibilities of electrodepositing tungsten alloys 
from commercial plating baths which are modified by 
an addition of sodium tungstate. 

Metallizing as a Production Process. (Iron Age, 
1945, vol. 156, Dec. 13, pp. 72-73). The utilization 
of the metallizing process in production methods is 
outlined and a description of the latest type metal- 
spraying gun is given. 

Flame Spraying. W.D. Jones. (Metal Industry, 
1946, vol. 68, Jan. 25, pp. 63-65). The process of 
protecting iron and steel surfaces by spraying metal 
powder with the Schori pistol is described. The 
advantages of this type of flame pistol are listed, 
and the application of zinc and aluminium for corro- 
sion protection is outlined. One great advantage of 
the gun is its ability to apply a wide variety of non- 
metallic materials. The difference between flame- 
spraying and air-spraying is that in the former case 
one can dispense with solvents and drying, and thick 
coatings can be produceed in one application. 

Corrosion Protection by Phosphatization—A Review. 
M. A. Streicher. (Corrosion, 1945, vol. 1, Dec., pp. 
219-227). This review covers the chemistry of phos- 
phatization, the properties of the solution and the 
phosphate coating, and industrial applications of the 
process. There are 43 references. 

Physical Properties of Sprayed Metals. A. P. 
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Developments in Ferrous Metallurgy. C. Sykes. 
(Institution of Civil Engineers, James Forrest Lec- 
ture: Metal Treatment, 1945, vol. 12, Winter Issue, 
pp. 245-258). The more outstanding developments 
of the last twenty years in the production of steel 
and in the knowledge of transformations, heat-treat- 
ment, welding, corrosion, scaling resistance and high- 
temperature properties are reviewed. 

Metallic Materials Inspection with Particular Refer- 
ence to Non-Destructive Testing Methods. J. E. Gar- 
side. (Manchester Association of Engineers, Nov., 
1945, Advance Copy). A comprehensive survey is 
made of non-destructive methods of testing metals 
with special reference to those requiring neither 
expensive equipment nor highly-trained operators. 

Non-Destructive Testing of Steel Castings. (Ameri- 
can Foundryman, 1945, vol. 8, Nov., pp. 35-36). 
Methods and progress in setting up standards for the 
non-destructive testing of steel castings are reported. 
A bibliography of 20 recent publications is appended. 

Contribution to a Study of the Influence of Austenite 
on the Mechanical, Physical and Technical Properties 
of Carbon Steels. G. Delbart and R. Potaszkin. 
(Revue de Métallurgie, Mémoires, 1944, vol. 41, Apr., 
pp. 97-110; May, pp. 143-149). A detailed inves- 
tigation has been made of soft and medium carbon 
steels, prepared in the Heéroult electric furnace. 
Data are given of the melting process and deoxida- 
tion, the latter being effected by different aluminium 
additions for each cast. The McQuaid-Ehn test 
was used for the grain-size determination. Test- 
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Shepard. (Metco News: Welding Journal, 1945, vol. 
24, Oct., pp. 937-938). The structure of sprayed 
metal coatings is discussed, and data on the specific 
gravity of a number of sprayed coatings of ferrous 
and non-ferrous alloys are presented and compared 
with that of the wire used in each case. 

Nomograph on Thicknesses of Electrodeposits. A.S. 
Covert. (Metal Finishing, 1945, vol. 43, Apr., p. 147). 
A nomograph is presented which enables a rapid 
determination to be made of the plating time neces- 
sary to produce a given thickness when the metal 
and the current density are known. 

End Point Indication of the B.N.F. Jet Test for 
Measurement of Thickness of Zinc Coatings on Steel. 
S. G. Clarke. (Journal of The Electroplaters’ Tech- 
nical Society, 1945, vol. 20, p. 75). Particulars are 
given of a potassium ferricyanide solution which gives 
a clear indication of the perforation in the British 
Non-Ferrous Metals Research Association test for 
measuring the thickness of zinc coatings on steel. 

The Surface Treatment of Hot-Dip Galvanised Coat- 
ings Preparatory to Painting and Its Relation to Cor- 
rosion Resistance. E. F. Pellowe and F. F. Pollak. 
(Sheet Metal Industries, 1946, vol. 23, Jan., pp. 82- 
85). Methods of improving the adhesion of paint 
coatings on galvanized steel are discussed; these 
include natural weathering, mechanical roughening, 
etching, and phosphatizing. 
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pieces for the mechanical testing were taken from 
30-mm. bars forged from 500-kg. ingots. The in- 
fluence of the grain size of the austenite on the 
mechanical properties of soft carbon steel after 
annealing, case-hardening and quenching, and of 
medium-carbon steel after annealing and thermal 
refinement is discussed. The effect which the aus- 
tenitic grain size has on the transformation points 
and on the ability of steel to undergo plastic deforma- 
tion was also investigated. 

The Effect of Combined Stresses on the Mechanical 
Properties of Steels between Room Temperature and 
—188°C. D.J. McAdam, jun., G. W. Geil, and R. W. 
Mebs. (American Society for Testing Materials, 1945, 
Preprint No. 22). Tensile tests were made on un- 
notched and notched specimens of carbon steels and 
alloy steels at several selected temperatures between 
room temperature and that of liquid air (—188° C.). 
The results are compared with those obtained with 
some non-ferrous metals. Results are presented in 
17 diagrams which reveal the influence of combined 
stresses and stress concentration on the mechanical 
properties at various temperatures. Additional dia- 
grams show the quantitative variation of these pro- 
perties with temperature. The accelerated increase 
in the yield stress and the decrease in the ductility of 
iron and steels with decrease of temperature are 
anomalous. A “‘ normal” metal shows not more than 
75% increase of yield stress and no decrease of duc- 
Ba ae decrease from room temperature to 
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X-Ray Stress Measurements on Unalloyed Steel 
When the Yield Point in Compression Is Exceeded. 
F. Bollenrath and E. Qsswald. (Zeitschrift des 
Vereines deutscher Ingenieure, 1940, vol. 84, July 27, 
pp. 539-541). It was found by means of X-ray 
stress determinations that a state of internal stress 
existed in steel specimens subjected to compressive 
stresses exceeding the yield point, irrespective of the 
stress distribution in the elastic state. The internal 
stresses were concentrated at the core of the speci- 
mens. LHarlier investigations have shown that the 
same occurs in tension, but that they are then con- 
centrated at and near the surface. 

Cromol Crankshafts. (Automobile Engineer, 1945, 
vol. 35, Dec., pp. 537-541). The design and advan- 
tages of crankshafts made from alloy cast-iron are 
described. Details are given of the chemical com- 
position and the mechanical properties of Cromol, 
an alloy cast-iron specially developed for crankshafts. 
The metal structure that is desirable is described, 
and some of the important design factors are dis- 
cussed. 

The Effect of the Matrix Structure and Graphite 
Inclusions on the Properties of Cast Iron. G. Meyers- 
berg. (Iron and Steel Institute, 1946, Translation 
Series, No. 260). An English translation is presented 
of a paper which appeared in Teknisk Tidskrift, 1945, 
vol. 75, June 9, pp. 641-654 (see Journ. I. and S.L., 
1945, No. IT., p. 119 4). 

Raised Yield Strength in Bend Tests. G. Brewer. 
(Metal Progress, 1945, vol. 48, Dec., pp. 1306-1310). 
It is not generally known that when a solid round or 
square bar is tested in bending, the stress in the 
outside fibre may reach a value 40-65% above the 
limit of proportionality in tension before the bar 
suffers any permanent set. This is referred to as the 
“raised yield in bending.” To obtain quantitative 
data on this raised yield strength an investigation 
was conducted with 23-in. round bars of a low-alloy 
chromium-nickel-molybdenum steel, as well as with 
chromium-molybdenum steel tubes by subjecting 
them to a pure bending moment and recording the 


strains by wire-type electrical strain gauges. An 
account of this investigation is given. 
Strain Gage Technique. L.M. Ball. (Proceedings 


of the Society for Experimental Stress Analysis, 1945, 
vol. 3, No. 1, pp. 1-20). The practical details of the 
selection, design, and use of strain gauges are dis- 
cussed. 

Photoelasticity as a Designer’s Tool. 
(Proceedings of the Society for Experimental Stress 
Analysis, 1945, vol. 3, No. 1, pp. 32-39). Examples 
of the application of photo-elastic stress analysis are 
described which dispel the impression that this method 
of investigation involves very expensive equipment 
and highly trained specialists to operate it. 

The Use of a Plastic Model in Crankshaft Analysis. 
D. M. Pearce and J. Modrovsky. (Proceedings of the 
Society for Experimental Stress Analysis, 1945, vol. 3, 
No. 1, pp. 81-93). An experimental method of deter- 
mining crankshaft main-bearing loads and stresses is 
described wherein the model is made of plastic to 
permit the use of smaller applied loads and simplified 
test equipment. 


R. E. Orton. 
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Stress Analysis of Shafting Exemplified by Saint- 
Venant’s Torsion Problem. T.J. Higgins. (Proceed- 
ings of the Society for Experimental Stress Analysis, 
1945, vol. 3, No. 1, pp. 94-101). A review is pre- 
sented of the literature on procedures, curves, formule 
and test data for calculating the stress distribution 
and maximum stress in filleted, stepped, collared, 
grooved, slit, and notched shafting. 

Dynamic Stress Analysis with Brittle Coatings. G. 
Ellis and F. B. Stern, jun. (Proceedings of the 
Society for Experimental Stress Analysis, 1945, vol. 3, 
No. 1, pp. 102-111). Examples are given of the use 
of brittle coatings for determining stresses under 
dynamic conditions. The examples include the stress 
on a shot-gun during firing and the analysis of the 
failure of aircraft landing gear. 

The Structural Analysis and Significance of Rivet 
Shear Tests. G. E. Holback. (Proceedings of the 
Society for Experimental Stress Analysis, 1945, vol. 3, 
No. 1, pp. 181-154). A simple and effective method 
of analysing shear-test data for rivets is presented. 
The non-dimensional nature of this analysis also pro- 
vides the basis for an analytical approach to the 
prediction of the structural characteristics of the 
rivet. 

Mild Steel and its Properties, with Special Reference 
to Its Working and Age-Hardening. C. A. Edwards. 
(Institute of Vitreous Enamellers: Foundry Trade 
Journal, 1946, vol. 78, Jan. 24, pp. 83-84). The réle 
which titanium plays in ordinary low-carbon steels 
is discussed. Titanium steel shows no yield point 
when strained, and does not display any tendency to 
strain-age-hardening. 

X-Ray Stress Measurements at the Beginning of 
Flow in Carbon Steel. R. Glocker and H. Hasen- 
maier. (Zeitschrift des Vereines deutscher Ingenieure, 
1940, vol. 84, Oct. 26, pp. 825-828). Measurements 
of the internal stresses in low-carbon unalloyed steels 
were made using cobalt and chromium radiation, 
which have different penetrations. It was found that 
flow began in a 0-0l-mm. surface layer at a stress 
which was only 50-66% of the elastic limit; this 
applied both in tensile and torsional tests. 

The Effect of Periods of Rest on the Time-Resistance 
and Fatigue Strength of Metallic Materials. I. Bollen- 
rath and H. Cornelius. (Zeitschrift des Vereines 
deutscher Ingenieure, 1940, vol. 84, May 4, pp. 295- 
299). Tensile fatigue tests were carried out on speci- 
mens of a number of metals and alloys representing a 
wide variety of lattice structures and mechanical 
properties, and the effects of periods of rest on the 
ability of the material to resist a limited number of 
reversals at above the fatigue strength (i.e., the 
time-resistance). The test data indicated that rest 
periods had no effect on the Wohler curves. 

The Effect of Overstress in Fatigue on the Endur- 
ance Life of Steel. J. B. Kommers. (American 
Society for Testing Materials, 1945, Preprint No. 23). 
The results of an investigation of the effects of over- 
stress in fatigue tests are reported, and these indicate 
that, in general, when a high overstress has produced 
a certain percentage of damage to the endurance life, 
a subsequent lower overstress will show a greater 
percentage of damage. In the latter case the damage 
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may be four times greater at the final stress than at 
the initial stress. On the other hand, when a low 
overstress is followed by a higher one, the damage 
to the endurance life is less at the final stress than 
at the initial one. When the initial overstress is 
low and the number of cycles not too large, the 
effect of the initial stress is to mcrease the endurance 
life at the final stress. This increase may exceed 
100%. 

A Sulfur Print Method for the Study of Crack Growth 
in the Corrosion-Fatigue of Metals. R.C. Brumfield. 
(American Society for Testing Materials, 1945, Pre- 
print No. 28). A sulphur-printing technique and its 
application to study corrosion-fatigue damage in 
specimens of a chromium-molybdenum steel are 
described. 

Work Hardened Surfaces of Fatigue Specimens. 
F. C. Hull and H. R. Welton. (Metal Progress, 1945, 
vol. 48, Dec., pp. 1287-1289). A brief account is 
given of an investigation of the work-hardening effect 
produced by rough-machining and fine-machining in 
the preparation of fatigue-test specimens. Rough- 
machining hardens the material to a greater extent 
than fine cuts, and even fine-machining hardens steel 
to a depth of several thousandths of an inch. 

X-Ray Diffraction Applied to Shot-Peened Surfaces. 
E. W. Milburn. (Metal Treatment, 1945, vol. 12, 
Winter Issue, pp. 259-260). It is well known that 
the creation of residual compressive stresses by shot- 
peening the surface of steel will greatly increase its 
resistance to fatigue. This treatment, however, pro- 
duces a rough surface; the question therefore arises 
whether the rough surface can be removed and the 
high compressive stresses retained. An investigation 
of the changes in the compressive stress with increas- 
ing depth from the surface of a 4-in. shot-peened 
beam of chromium-molybdenum steel was carried out 
by the X-ray diffraction technique. The stresses 
introduced by the shot-peening treatment extended 
to approximately 0-009 in. A layer 0-005 in. thick 
could be removed from the surface without diminish- 
ing the effectiveness of the shot-peening by more 
than a few per cent. 

A Dynamic Pull-Push Testing Machine for Deter- 
mining Fatigue Strength and the Damping Capacity of 
Materials. M. Russenberger. (Schweizer Archiv, 1945, 
vol. 11, Feb., pp. 33-42). A detailed description is 
given of a high-frequency electro-magnetic fatigue- 
testing machine with which specimens can be loaded 
at up to 1000 kg. at between 50 and 200 reversals/sec. 
Fatigue-test data obtained with it are presented and 
discussed and the application of the machine to study 
damping capacity is described. 

Damping Capacity. L. Rotherham. (Metal Treat- 
ment, 1945, vol. 12, Winter Issue, pp. 215-222, 232). 
The engineering and physical aspects of damping are 
considered and experimental methods for its deter- 
mination are described. The effects of the carbon 
and chromium contents of steel as well as the influence 
of cold-work and the magnetic properties on damping 
are dealt with. 

Microhardness Testing. E. O. Bernhardt. (Zeit- 
schrift des Vereines deutscher Ingenieure, 1940, vol. 
84, Sept. 28, pp. 733-736). The construction of the 
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Zeiss microhardness testing instrument is described 
and its application to study the increase in hardness 
of cold-worked surfaces is discussed with examples 
which include an examination of the hardness of shot- 
blasted wire for valve springs and of rolled threads 
on chromium-vanadium steel bolts. 

Hardness Testing. (Iron and Steel, 1946, vol. 19, 
Jan., p. 2). A new hydraulically operated semi- 
automatic machine for making Brinell hardness tests 
is described. 

Testing Depth of Hardness. L. Sanderson. (Metal 
Treatment, 1945, vol. 12, Winter Issue, pp. 272-274). 
The use of hardenability in steel specifications is dis- 
cussed and details are given of the A.S.T.M. standard- 
ized procedure for carrying out the Jominy end- 
quench test. 

Remarks on Structural Hardening. A. Portevin. 
(Revue de Métallurgie, Mémoires, 1944, vol. 41, Feb., 
pp. 42-44). According to the author’s definition the 
term structural hardening means the increase of 
Brinell hardness resulting from a modification of the 
micrographic structure only, e.g., from the heat- 
treatment which produces troostite or sorbite. On 
the other hand, the martensitic hardening of steel, 
which causes a change in the nature of the con- 
stituents and in the crystalline network, the author 
classifies as physico-chemical hardening. 

The Mechanism of Brittle Fracture. G. S. Smith. 
(Metallurgia, 1945, vol. 33, Dec., pp. 55-58). Evi- 
dence of the actual process of fracture of brittle 
materials is not easy to obtain, but recent study of 
the subject has introduced a new conception of frac- 
ture which assists the acceptance of a theory developed 
25 years ago by A. A. Griffiths. Particular attention 
is directed to recent work the results of which appear 
to establish, with certain kinds of materials, the réle 
of external and internal defects during fracture and 
the order of formation of the parts of the new surfaces. 

Contribution to a Study of Brittleness. J. Pomey. 
(Revue de Métallurgie, Mémoires, 1944, vol. 41, Jan., 
pp. 17-25; Feb., pp. 49-59; Mar., pp. 83-94). The 
author reports on a comprehensive investigation of 
impact strength carried out in the Research Depart- 
ment at the Renault Worksin France. Special atten- 
tion is paid to the impact value in the transverse 
direction, and the relation between fatigue limit and 
hardness with reference to the tempering temperature 
is discussed. A comparison is made between “ Uf” 
and Mesnager specimens for impact testing. The 
position of the notch, which may be perpendicular 
or parallel to the grain flow, was examined and the 
best results were obtained with test-pieces notched 
perpendicularly to the grain flow. In the last section 
of the article the author, having proved that the 
classic methods of impact testing are inadequate for 
the determination of brittleness, shows that a method 
can be evolved which, by changing the sharpness of 
the notch, gives, by extrapolation, the technical 
cohesive strength of the material. 

A Case of Embrittlement of Steel. (Monthly Re- 
view of the American Electroplaters’ Society, 1945, 
vol. 32, Aug., pp. 784-786, 845). A zinc-plated 
spring clip exhibited a stained fracture which was 
found to be partly intercrystalline in areas adjacent 
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to spot welds. This condition may be due to local 
hydrogen embrittlement during plating which in turn 
may be due to occlusion of hydrogen in microscopic 
intercrystalline cracks produced in or near the welds 
during welding. It is probable that clips with sound 
non-martensitic welds, which might be obtained by 
preheating prior to spot-welding, would withstand 
zine plating without cracking. 

Temper Brittleness. J. H. Holloman. (American 
Society for Metals, Oct., 1945, Preprint No. 11). 
Recent literature on temper-brittleness is critically 
reviewed. It appears that this phenomenon is caused 
by a precipitation from «-iron which occurs preferen- 
tially at the grain boundaries. The assumption that 
the precipitate is a phase consisting of iron and an 
element which supersaturates «-iron at low tempera- 
tures is consistent with the known facts. Above 
about 600° C. the solubility of the element in steels 
responsible for temper-brittleness is such that the 
embrittling precipitate redissolves. At temperatures 
just below the solubility limit the precipitation takes 
place very slowly, for the rates of both nucleation 
and growth are small. 

The Magnetic Hardness Testing of High-Speed Steels. 
H. Springer. (Zeitschrift des Vereines deutscher In- 
genieure, 1940, vol. 84, June 1, pp. 365-370). The 
relation between the magnetic permeability of steel 
and its hardness is discussed and an instrument is 
described with which the changes in permeability at 
each stage of heat-treatment can be followed. The 
application of this principle to the development of 
a heat-treatment for high-speed steel is considered. 

The Effect of the Field Distribution on the Detect- 
ability of Flaws in the Magnetic-Powder Method of 
Testing. E. A. W. Miiller. (Zeitschrift des Vereines 
deutscher Ingenieure, 1940, vol. 84, July 6, pp. 472- 
476). The magnetic-powder testing of crankshafts 
is discussed with special reference to the changes in 
technique when testing short and long shafts with 
marked variations in section between the wrist pins 
and the webs. 

Crack Detection—Metrolux Fluorescent Equipment. 
(Iron and Steel, 1945, vol. 18, Dec., p. 634). The 
procedure for detecting cracks on a metal surface by 
impregnating the specimen with a fluorescent com- 
pound and then cleaning, drying, and inspecting it 
under ultra-violet light is described. 

The Brittleness and Toughness of Metals at High 
Temperatures. W. Siegfried. (Schweizer Archiv, 1945, 
vol. 11, Jan., pp. 1-16; Feb., pp. 43-61). An earlier 
investigation in the laboratories of Gebriider Sulzer 
led to the conclusion that the rapid decrease in the 
strength of notched specimens and the brittle inter- 
crystalline fractures obtained in unnotched specimens 
after long periods under load are a result of the same 
internal phenomena. Two extensive series of creep 
tests are now described. Tin-cadmium alloys were 
used in the first series because they behave at room 
temperature in the same way that steel does at high 
temperature; cold-drawn as well as heat-treated 
specimens, notched and unnotched, were tested to 
examine the effect of the microstructure. In the 
second series, notched steel specimens were prepared 
with twelve different notch contours so as to study 
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the effect of the notch angle and the radius at the 
bottom of the notch. The results proved that the 
embrittlement followed physical laws which embrace 
not only low-alloy steels at 500° C., but also the tin 
alloys. Additional tests at 650° C. on 30/15 and 
12/15 austenitic chromium-nickel steels proved that 
the results with the softer materials were also applic- 
able to austenitic steels. 

A method of determining the behaviour of steels at 
high temperatures which does not involve creep tests 
lasting several thousand hours is described. Creep 
tests are made on unnotched specimens; the total 
elongation at fracture and the reduction in area are 
measured; these values are used to calculate the 
uniform elongation and the local elongation by 
Kuntze’s formula. The necking elongation divided 
by the uniform elongation is thus a measure of the 
cohesion of the steel. 

Structural Changes in Carbon and Molybdenum 
Steels during Prolonged Heating at 900° to 1100° F., 
as Affected by Deoxidation Practice. G. V. Smith, 
R. F. Miller, and C. O. Tarr. (American Society for 
Testing Materials, 1945, Preprint No. 19a). Annealed 
and normalized specimens of nine steels (three with 
carbon 0-:1% and six with carbon 0-1-0-2% and 
molybdenum 0-5%), prepared with different deoxida- 
tion practices, were given hardness tests and their 
microstructures were examined after holding at 900°, 
1000°, and 1100° F. for periods up to 5000 hr. The 
hardness of most of the carbon steels at first increased 
slightly with time at temperature and then decreased 
slowly ; this behaviour appeared to be unaffected by 
the deoxidation practice used. The increase was 
greatest in the annealed samples held at 1000° F. 
The hardness of the annealed molybdenum steels 
followed the general pattern of the carbon steels, but 
the normalized specimens behaved in a manner 
characteristic of precipitation-hardening systems. 

Wrought Heat Resisting Alloys for Gas Turbine 
Service. C. T. Evans, jun. (Metal Progress, 1945, 
vol. 48, Nov., pp. 1083-1095). The metallurgy in- 
volved in the development and selection of alloys for 
service at high temperatures, especially for gas tur- 
bines, is examined. If premature failure is to be 
avoided, numerous and complex factors must be taken 
into account. Short-time tensile, creep and fatigue 
test data, physical constants, and information on 
oxidation resistance on 15 of the older alloy steels 
are presented and discussed. 

German Stainless Steels. A. L. Feild. (Iron Age, 
1945, vol. 156, Dec. 20, pp. 60-67). Data on the 
properties, applications and methods of processing 
and heat-treating the various types of stainless and 
heat-resisting alloy steels which were commercially 
produced in Germany during the war, are presented. 
Scarcity of alloying agents such as molybdenum, 
nickel and niobium led to the development of low- 
alloy heat-resistant. stainless steels or to the replace- 
ment of such elements with manganese, titanium 
and vanadium. Information on the properties of the 
steels is presented in seven comprehensive tables. 

The Heat-Treatment of Low Alloy Wrought Steels. 
(Metallurgia, 1945, vol. 33, Dec., pp. 73-78). Par- 
ticulars are given of the properties which can be 
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developed by applying suitable heat-treatments to 
several of the ‘‘ En” low-alloy steels in the British 
Standards 970 and 971. 

Nickel- and Molybdenum-Free Constructional Steels. 
H. Kiessler. (Zeitschrift des Vereines deutscher In- 
genieure, 1940, vol. 84, June 8, pp. 385-392). The 
properties and heat-treatment of low-alloy chromium- 
manganese steels which have been developed in Ger- 
many are discussed. 

Alloy Steel or Alloy-Treated Steel (?). H.'T. Chand- 
ler. (Metal Progress, 1945, vol. 48, Nov., pp. 1104- 
1108). The author differentiates between steel con- 
taining alloying elements the purpose of which is to 
impart certain properties to the steel, and those 
treated by the addition of agents containing elements 
for controlling the deleterious effects of sulphur, phos- 
phorus and nitrogen, as well as the grain size. He 
suggests that carbon steels and the standard alloy 
steels be specified by their chemical analysis, but that 
no effort be made to specify a chemical analysis for 
the residual amounts of addition agents in “ alloy- 
treated ” steels which is the term recommended for 
the second of the above classes of steel. 

Wear Resistant Steel Castings for the Mining In- 
dustry. J. EK. Norman. (Metallurgia, 1945, vol. 33, 
Dec., pp. 83-84). Most of the wear-resistant cast- 
ings used by the mining industry are made from 
alloy steel, either of the austenitic Hadfield man- 
ganese type or of one of the lower alloy types in 
which the composition and heat-treatment are de- 
signed for the purpose. The low-alloy steels are 
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favoured by the mining industry as they offer more 
advantages than austenitic manganese steels. Better 
machinability and wear resistance, high yield strengths, 
ease of production, desirable magnetic properties and 
low first cost are some of the advantages of the 
former. A brief summary is given of certain types 
of chromium-molybdenum low-alloy steels which have 
shown outstanding merit in the mining industry. 

Fracture Testing of Alloy Steels for Aircraft Engine 
Forgings. R. D. Haworth, jun., and A. F. Christian. 
(American Society for Testing Materials, 1945, Pre- 
print No. a4). Fractures of highly stressed aircraft 
engine parts have exhibited an unusual appearance 
characterized by large grains or facets. Photographs 
of fractures after various heat-treatments are shown 
and a complete set of fracture-test standards are 
presented. The operation of the test in production, 
and results obtained with it, are described. 

A Critical Survey of Steel Specifications. R. A. 
Hoskins. (Australian Institute of Metals: Austra- 
lasian Engineer, 1945, Nov. 7, pp. 79-85). Steel 
specifications in England, Australia, and the United 
States are reviewed. In England the efforts to cor- 
rect the over-diversification apparent in the pre-war 
years have been reasonably successful. The British 
Standard 970-En Series is the most outstanding set 
which has been evolved, and it is hoped that the 
ranges of analyses and mechanical properties em- 
ployed therein will form the basis of most of the 
post-war general engineering, automotive and aircraft 
specifications, both in Great Britain and Australia, 
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Etching for the Microscope. Part I. Iron and 
Steel. C. A. E. Wilkins. (Metal Treatment, 1945, 
vol. 12, Winter Issue, pp. 233-241). The purposes 
of etching and the methods employed are dealt with 
and the etching of cast iron is then discussed, numer- 
ous etching reagents being recommended. A table 
is included giving heat-tints on grey cast iron at 
various temperatures. The etching of stainless and 
high-speed types of steel is also considered. 

Continuous X-Ray Inspection. D. Goodman. (Canad- 
ian Metals and Metallurgical Industries, 1945, vol. 8, 
Nov., pp. 32-35, 52). A description is given of the 
system of continuous X-ray inspection which was 
installed at one of the largest munition plants in the 
United States for examining large bombs and shells. 
A 2000-kV. X-ray unit is employed. The portion of 
the X-ray beam which is reflected from the anode of 
the tube is used for the radiography of shells which 
are carried round the unit on a continuous ring con- 
veyor. The screening and safety methods employed 
are also described. 

X-Ray Diffraction in Inorganic Chemistry, Metal- 
lurgy and Mineralogy. H. Lipson. (Nature, 1946, 
vol. 157, Feb. 2, pp. 124-126). This review of the 
applications of X-ray diffraction is based on papers 
presented by A. F. Wells, W. H. Taylor, and the 
author at a meeting held recently at the Royal 
Institution. The fundamental importance of X-ray 


diffraction lies in the insight it gives into atomic 
arrangements. Work on nickel-aluminium and cop- 
per-aluminium alloys is referred to. Many interest- 
ing types of diffraction effects have been observed in 
the study of silicates and these throw light on the 
mechanism of isomorphous displacement. 

Accurate Interpretation of Radiographs. H. R. 
Clauser. (Engineering Materials and Processing 
Methods, 1945, vol. 22, Nov., pp. 1418-1422). Defi- 
nitions are given of a number of terms used in the 
interpretation of radiographs and the conditions 
necessary for viewing radiographs are described. 

Estimation of Spatial Grain Size. W. A. Johnson. 
(Metal Progress, 1946, vol. 49, Jan., pp. 87-92). 
Quantitative relationships may exist between the 
grain size and properties of a metal or alloy, but their 
determination is contingent on having more precise 
means of evaluating grain size than those now avail- 
able. In this paper details are given of a method of 
determining the distribution of “ spatial ” grain sizes 
from the relative areas of each size of the grains 
shown in a micrograph. The method is based on the 
results of statistical observations of structure by E. 
Scheil and A. Lange-Weise (see Journ. I. and S.1., 
1937, No. IT., p. 247 4). - 

Effect of Cooling Transformation upon Subsequent 
Isothermal Reactions. C. A. Liedholm and W. C. 
Coons. (Metal Progress, 1946, vol. 49, Jan., pp. 104— 
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107). The importance of paying adequate attention 
to the differences between the time-temperature cycle 
of a part to be heat-treated and the time-temperature 
cycles whereon the S-curve for the particular steel is 
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based is stressed, and two examples are cited in which 


the structures obtained were not those predicted from 
the S-curves. 
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The Corrosion of Iron and Steel. J. C. Hudson. 
(Journal of Scientific Instruments, 1945, vol. 22, Dec., 
pp. 231-235). A broad outline of the work and 
activities of the Corrosion Committee (a Joint Com- 
mittee of The Iron and Steel Institute and The 
British Iron and Steel Research Association) is pre- 
sented. 

Recent Russian Work on Corrosion. (Conference 
on Corrosion, Moscow, 1943: Chemical Age, 1946, 
vol. 54, Jan. 5, pp. 5-8). A condensed version is 
given of a paper by T. A. Adjemyau on the corrosion 
resistance of different materials employed in the con- 
struction of plant for Russian chemical industries. 
It deals with the production of halogen salts such as 
chlorides, sulphur compounds, fluorine compounds, 
halogen compounds of the iodo-bromine type, and 
general research on materials liable to corrode. 

A Theory of the Mechanism of Rusting of Low 
Alloy Steels in the Atmosphere. H. R. Copson. (Ameri- 
can Society for Testing Materials, 1945, Preprint No. 
25). Exposure tests were started in 1941 on low- 
alloy steels in industrial and marine atmospheres. 
Analyses of samples of rust, weather data, and losses 
in weight are considered. It is postulated that the 
rate of corrosion depends on the quality and quantity 
of the water reaching the surface. Relatively in- 
soluble corrosion products decrease the amount of 
soluble constituents in the water and thereby decrease 
the corrosion. Relatively insoluble corrosion pro- 
ducts do not wash away, so that the porosity of the 
rust coating and the quantity of water reaching the 
steel are decreased. In industrial atmospheres, copper 
and nickel in the steel render sulphate corrosion 
products more insoluble by forming complex basic 
sulphates. On mild steel, sulphates in the rust are 
relatively soluble and promote corrosion, but are 
washed away by rain. On alloy steels the sulphates 
are less soluble so that corrosion is slower, but less 
sulphate is washed away and more accumulates in 
the rust. The percentage of sulphates in the rust 
increases as the loss in weight decreases. It has been 
tacitly assumed that, in a given atmosphere, each 
test specimen of steel is exposed to the same environ- 
ment; actually, owing to the influence of corrosion 
products, each specimen is exposed to a separate 
environment. 

Inhibition of the Corrosion of Metals in Contact 
with Water and/or Steam. W. Murray. (Association 
of British Chemical Manufacturers : Steam Engineer, 
1946, vol. 15, Jan., pp. 117-118). Recommendations 
on methods of reducing the corrosion of metals by 
water and steam are made. Keeping up the pH 
value of the water and adding tannin is advocated 
for the prevention of “‘ graphitic wastage’ in cast- 
iron economizers. 


Controlling Factors in Atmospheric and Immersed 
Corrosion. W.H.J. Vernon. (Journal of Scientific 
Instruments, 1945, vol. 22, Dec., pp. 226-230). 
Factors are discussed which, although apparently 
subsidiary, are responsible for controlling the rate of 
corrosive attack under a given set of conditions. The 
hydrogen-evolution and the oxygen-absorption types 
of immersed corrosion are dealt with. In the former 
type it is rare to have an obstructive film at the 
anode ; most frequently the obstruction occurs at the 
cathode and is associated with the phenomenon 
of hydrogen overpotential. In the latter type there 
are two well-known controlling factors, namely, an 
obstructive film at the anode, and the rate of supply 
of oxygen to the cathode. In atmospheric corrosion 
the frequently encountered controlling factor, far 
from being the rate of oxygen supply, is the rate of 
supply of water. In the case of iron and steel the 
controlling factor at high relative humidities is pro 
vided entirely by the state of purity of the atmo- 
sphere. The growth of air-formed oxide films and 
the significance of rectilinear, parabolic, logarithmic, 
and asymptotic oxidation-time curves are considered. 

Electrochemical Measurements for Corrosion Studies. 
P. T. Gilbert. (Journal of Scientific Instruments, 
1945, vol. 22, Dec., pp. 235-237). A detailed descrip- 
tion is given of an apparatus which was set up to study 
the behaviour of pairs of coupled metals in tap water 
to éstablish the relationships between them as they 
corroded with different concentrations of dissolved 
oxygen and carbon dioxide in the water. The poten- 
tials and corrosion currents from four couples of 
corroding metals were simultaneously and continu- 
ously recorded. 

The Corrosive Action of Benzole Absorption Oils. 
(Coke and Smokeless Fuel Age, 1946, vol. 8, Jan., pp. 
17-18). Two reports of independent research work 
on the corrosive action of benzole absorption-oils have 
recently been published, one by O. B. Wilson, and 
the other by C. M. Cawley and H. EK. Newall (see 
Journ. I. and S8.I., 1945, No. II., p. 69 a and 1946, 
No. I., p. 33.4). The conclusions reached are compared 
and discussed in the present paper. 

Intercrystalline Cracking. C. D. Weir. (Mechani- 
cal Engineering, 1945, vol. 67, Dec., pp. 834-835). 
The effect of the silica/sodium-hydroxide ratio in 
the feed water on the susceptibility of boiler steel to 
cracking is treated statistically and diagrams showing 
the boiler conditions (7.e., pressure, sodium-hydroxide 
concentration, and the above ratio), in relation to 
the cracking of boiler plates are presented. It is 
concluded that this ratio does not influence the fre- 
quency with which intercrystalline cracking occurs, 

The Behaviour of Zinc-Iron Couples in Carbonate 
Soil. J.H. Gilbert and G. Corfield. (Corrosion, 1945, 
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vol. 1, Dec., pp. 187-191). The behaviour of zinc in 
contact with steel in soils, important from the stand- 
point of the cathodic protection of pipe lines, is 
described. Each couple consists of an iron ring con- 
nected to one or more zinc cylinders, and the entire 
surfaces of the iron rings were in contact with a 
‘ high-carbonate ”’ soil near Los Angeles for 546 days. 
The variations in current, the electrode potentials, 
and the loss in weight of the metals were determined. 

Marine Corrosion Testing Station at Kure Beach, 
North Carolina. (Corrosion, 1945, vol. 1, Dec., pp. 
178-186). The sea water corrosion-testing station at 
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Kure Beach is described, with numerous illustrations 
(see Journ. I. and 8.I., 1945, No. II., p. 150 a). 

Recommendations on Methods of Protection against 
Corrosion for Light Gauge Steel and Wrought Iron 
Used in Permanent Building Construction. (British 
Standards Institution, 1945, P.D. 420). This pamph- 
let is not a specification, but is to be regarded as 
a reasoned statement of recommended procedure for 
the protection of light gauge wrought iron or steel 
sections or sheets as used in building construction, 
more particularly for dwelling houses. 
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Barr, W., and A. J. K. Honeyman. “ Steel and its 
Practical Applications.” Second Edition. 8vo, pp. 
xii + 156. Illustrated. London and Glasgow, 
1945 : Blackie and Son, Ltd. (Price 8s. 6d.) 


Since the first edition of this book, considerable changes 
and advances have been made in ferrous metallurgy. The 
war has been responsible especially for a changed outlook 
regarding alloy steels, hardenability, weldability and creep. 
This second edition, which contains brief accounts of these 
modern trends, should be welcomed by engineers. The 
chapters dealing with carbon and alloy steels have been 
brought up-to-date by the inclusion of details of the new 
‘“En’’ steels. It has been necessary to enlarge the chapter 
on heat-treatment to include reference to isothermal- 
transformation (or S) curves, and the Jominy test for 
hardenability. 

New chapters have been added dealing with the factors 
influencing the creep strength of steel and metallurgical 
aspects of gas-cutting and welding high-tensile steels. The 
illustrations are of good quality, but it would facilitate 
reading if the position of the plates was near the text. 

E. C. Rouwason. 


Rotrse, R. T. “A Dictionary of Metallography.” 
8vo, pp. viii + 243. London, 1945: Chapman & 
Hall, Ltd. (Price 15s.) 


The evolution of any branch of physical science inevit- 
ably calls into existence a specialized terminology, in which 
familar words may have circumscribed meanings, and new 
words may have been coined to describe new facts and 
phenomena. Metallography had a flying start as regards 
nomenclature, for almost the first terms used in the infancy 
of the science were the personal inventions of the pioneer 
metallographists, giving us the now familiar names for the 
microscopic constituents of steel. Metallography now is, 
as the author of this dictionary points out in his foreword, 
a division of metallurgical science difficult to define, as it 
undoubtedly reaches out and touches the fringes of many 
other sciences, so that the necessary vocabulary includes 
many terms in general scientific use, and thus an exhaustive 
dictionary of the subject would be indeed a formidable 
work. The author makes no claim to exhaustiveness in 
this sense, and having resigned himself to certain deliberate 
omissions, has covered the remaining field in a thorough 
manner. It may at once be said that no serious omission 
of any metallurgical term was noted, and the fairly generous 


treatment given to the vocabulary of most of the ancillary 
sciences should satisfy the great majority of enquirers. 

Indeed, so wide is the net cast by the compiler that the 
reviewer seriously questions the accuracy of his title, not- 
withstanding the plea advanced in the foreword for a 
generous interpretation of the term ‘‘ metallography.”’ 
Premeditated omissions can readily be accepted if the very 
best use is made of the available space, but it is debatable 
whether the author is justified in allowing some descrip- 
tions of manufacturing processes and data on the prop- 
erties, occurrence, and extraction of the metallic elements 
to displace all reference to, for example, the magnetic 
properties of metals or microscope optics. 

Every lexicographer, from Dr. Johnson onwards, has 
had to face the heavy task of maintaining unrelenting 
accuracy. A dictionary is nothing if not reliable, and 
Mr. Rolfe comes very well out of the most exacting factual 
enquiry that the reviewer could apply. It is therefore 
with due deference to the predominating success achieved 
by the author that some lapses are mentioned. Thus, the 
well-known 8.80 composition of stainless steel is included 
under the term ‘‘ Stainless Iron,’’ a classification that is at 
variance with its properties and with the general position 
accorded to this alloy in specifications and normal engineer- 
ing parlance. Again, the statement ‘“‘In their shorter 
reaches, ultrasonic waves merge with radio and finally 
with light waves’ is made under “‘ ultrasonics.’’ Neither 
sonic nor ultrasonic waves have any place in the electro- 
magnetic wave spectrum. Lastly, the author, under 
““Charpy Impact Test’’ rather inexplicably cites the 
Addendum of March 1942 to British Standard 131-1933 
as referring to Charpy test-pieces with the Charpy keyhole 
notch, whereas the publication mentioned specifies the 
Mesnager type notch and the two are not interchangeable. 

The book is well bound and clearly printed, the item 
headings standing out well on each page. The alpha- 
betical arrangement naturally provides its own index, and 
cross indexing is freely provided when synonymous terms 
are defined. The author makes use of standard definitions 
where possible, mainly from American sources, many of 
these relating to the growing technology of powder metal- 
lurgy. The reviewer found rather distracting the practice 
of using only the initial letters of the item headings, when 
the same words recur in the text, although this is common 
in ordinary dictionaries, but surely such compression is 
carried too far, when nickel is rendered as ‘“‘n’”’ in place 
of the universally acceptable ‘‘ Ni.” 

8S. L. Rosperron. 
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Steel Plant Refractories. J. H. Chesters. (British 
Engineering Export Journal, 1946, vol. 28, Jan., pp. 
428-433). Recent improvements in the manufacture 
of steel-plant refractories, including the control of 
quality by statistical methods, are pointed out. 
Methods of testing bricks and the properties of mag- 
nesite and carbon refractories are discussed. 

Potmaking. (British Steelmaker, 1946, vol. 12, 
Jan., pp. 24-25). A detailed description is given of 
the production of crucibles for steelmaking. 

Recent Progress in the Manufacture of Refractories 
for Metallurgy. Y. Lefort. (Revue de Métallurgie, 
Mémoires, 1942, vol. 39, May, pp. 141-151; June, 
pp. 172-180; July, pp. 201-210). Three main groups 
of refractories, i.e. the alumina, silica and magnesite 
types, are discussed in detail. Their nature, structure 
and behaviour at high temperatures are examined, 
and the progress in their manufacture reviewed. In 
conclusion the importance is stressed of scientific 
investigations, such as thermal analysis, microscopical 
examination and X-ray testing, for the development 
and improvement of refractories. 

Carbon Lining for Blast Furnaces. F. G. Vosburgh. 
(Steel, 1945, vol. 117, Dec. 24, pp. 86-90; Dec. 31, 
pp. 62-63, 78-80). The history of the use of carbon 
linings for blast-furnace hearths in the United States 
is outlined, and descriptions are given of the blocks 
used, the positions of the joints, and the carbon 
ramming mix. 

Statistical Treatment of Laboratory Test Data on 
Refractories. J. H. Chesters and I. M. D. Halliday. 
(Transactions of the British Ceramic Society, 1945, 
vol. 44, Sept., pp. 135-166). Research on refractories 
is passing from a qualitative to a quantitative stage. 
Variability, both in the product and in operating 
conditions must be measured and allowed for. This 
requires the application of statistics. The use of 
histograms, in which the frequency with which 
particular values of a property occur is indicated by 
vertical strips, often gives a qualitative answer, but 
the calculation of the arithmetic mean, the standard 
deviation and the range are often used in support. 
Quality control charts are shown to provide a rapid 
method of deciding whether the product under test 
differs significantly in properties from that received 
previously. It is also shown that arithmetic prob- 
ability paper affords a ready means of comparing 
data of the normal distribution type, particularly as 
it enables quick estimates to be made of the rejections 
that would occur at various levels of control. It is 
shown that apparent differences between the quality 
of dolomite received during two periods may be due 


to inadequate sampling. The use of correlation 
coefficient is illustrated with reference to the close 
relationship between the bulk density and thermal 
conductivity of diatomite bricks. 

Statistical Data Relative to the Firing Expansion, 
Specific Gravity and After-Expansion of Silica Bricks. 
T. R. Lynam and I. M. D. Halliday. (Transactions 
of the British Ceramic Society, 1945, vol. 44, Oct., 
pp. 167-202). It is regarded as unsatisfactory that 
the quality of a wagon-load of silica bricks for the gas 
industry is judged by destructive tests on two bricks 
selected at random. If a definite relationship could 
be proved to exist between the firing expansion 
(linear) which occurs in the kiln and the specific 
gravity of the fired product, the simple expedient of 
measuring a brick should be an efficient test of the 
heat-treatment it has received. It would then be 
possible to apply this rapid test to a much larger 
number of samples. An account is given of a statisti- 
cal investigation of test data on 200 random samples 
from different known positions in various kilns. The 
tests included kiln expansion (linear), specific gravity, 
and after-expansion. It was found that a significant 
relationship exists between the kiln-firing expansions 
and the specific’ gravities of silica products, and that 
the non-destructive measuring test can be applied to 
ascertain the heat-treatment. 

Testing of Chrome-Magnesite Brick for Resistance 
to Iron Oxide Bursting. 8S. Zerfoss and H. M. Davis. 
(Journal of the American Ceramic Society, 1946, vol. 
29, Jan., pp. 15-20). The probable mechanism of the 
iron-oxide bursting of chromium-magnesite brick is 
discussed. An attempt was made to duplicate this in 
the laboratory. The results indicated that the 
bursting can be simulated in a laboratory experiment, 
providing the atmosphere of the furnace is such that 
the penetrating iron oxide liquid is rich in magnetite. 
A test is proposed for characterizing the bursting 
resistance of various bricks. 

X-Ray Diffraction Data for Compounds in the 
System CaO-MgO-SiO,. C.B.Clark. (Journal of the 
American Ceramic Society, 1946, vol. 29, Jan., pp. 
25-30). X-ray diffraction data for compounds in the 
system CaO-MgO-SiO, obtained by the powder 
method are widely scattered in the literature. In 
certain instances there is need of revision because of 
improvement in equipment and technique. X-ray 
powder photographs have therefore been made, and 
data are presented in this paper on nineteen compounds 
in this system. These represent all the known com- 
pounds which are stable, and several which are meta- 
stable, at room temperature. 
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Problems in Fuel Efficiency. C. Hulse and R. J. 
Sarjant. (Iron and Steel Institute, 1946, this 
Journal, Section I.). Problems in fuel efficiency re- 


lating to works where processes may be specialized 
are discussed in relation to the bearing of fuel selection 
on efficiency, developments in furnace design and 
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construction, methods of fuel saving in individual 
works, education, and research. The present position 
is reviewed and lines of future development are 
suggested. 

Heat Transfer. G. T.Skaperdas. (Industrial and 
Engineering Chemistry, Industrial Edition, 1946, vol. 
38, Jan., pp. 10-11, 32, 33). Progress made during 
the last two years in the theory and practice of heat 
transmission are reviewed. There are 75 references 
to the literature. 

The Influence of Tube Shape on Heat-Transfer Co- 
efficients in Air to Air Heat Exchangers. I. H. Green 
and L.S. King. (Transactions of the A.S.M.E., 1946, 
vol. 68, Feb., pp. 115-122). Heat-transfer co- 
efficients are reported for air passing through round 
tubes, through partially flattened tubes, and through 
partially flattened tubes which have been dimpled. 
It was found that flattened tubes maintained fully 
turbulent flow, and that they therefore had a higher 
heat-transfer coefficient at lower Reynolds numbers 
than round tubes. The addition of dimples to the 
flattened tubes maintained fully turbulent flow from 
the transition point and increased the heat-transfer 
coefficient substantially. The addition of the dimples 
also improved the relation between the heat transfer 
and the pressure drop in the flattened tubes. 

Problem of Flame Radiation, with Particular Re- 
ference to Melting Furnaces. T. I. Pearson. (Iron 
and Coal Trades Review, 1946, vol. 152, Mar. 1, pp. 
381-385). To take the ratio of useful heat output 
to the total heat input as the measure of the efficiency 
of a gas-fired furnace is not altogether adequate, 
since the degree of heat transfer from the flame and 
walls tends to be overlooked. This detail of the 
simplified conception of furnace efficiency is of greater 
importance in high-temperature melting furnaces 
than in low-temperature heat-treatment furnaces. 
Reasons for this are given in the present paper and 
the possibilities of increasing the thermal efficiency 
by modifying the flame are discussed. 

Combustion Control. (Steel, 1945, vol. 117, Dec. 
10, pp. 134-139). Three methods are described 
which are used for combustion analysis in open-hearth 
furnaces, soaking pits, treating furnaces, steam power 
plants, and internal combustion engines. In particu- 
jar, an instrument is described which has two dials; 
one indicating the percentage of unused combustible 
gases and the other the percentage of excess oxygen 
which may be present in the spent gases. These direct 
readings can be made at any instant from samples 
taken from any part of the furnace, flue or exhaust. 

Conservation of Coal. A. C. Pasini. (Iron and 
Steel Engineer, 1946, vol. 23, Jan., pp. 112-114). 
Recommendations are made for obtaining the most 
efficient combustion of coal and for maintaining 
boilers in proper working condition. 

Tubular Metallic Recuperators. G. N. Critchley. 
(Institute of Fuel Wartime Bulletin, 1946, Feb., pp. 
100-119). A comprehensive discussion of the factors 
influencing the design and use of metallic recuperators 
is presented in four parts. The first three parts are 
of a mathematical nature and give methods of 
answering the following questions: (1) How much 
heat does the waste gas contain? (2) How much 
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heat could be returned to the furnace by (a) the com- 
bustion air, and for (6) the fuel ? (3) What, in given 
circumstances, is the most suitable design of recupera- 
tor? In the fourth part the economic aspects of 
recuperation are discussed. 

An Experimental Determination of the Factors 
Governing the Design of Regenerators with Special 
Reference to Coke Ovens. JT. C. Finlayson and A. 
Taylor. (Journal of the Institute of Fuel, 1946, vol. 
19, Feb., pp. 82-98). After outlining the general prin- 
ciples of a regenerator, defining regenerator efficiency 
and briefly reviewing the literature, a report is pre- 
sented on an investigation at a specially built test 
plant. The main object was to find the effect and 
quantitative value as regards heat transfer and 
pressure loss of the different factors in the design of 
both double-staggered checkers and straight-through 
or any other promising types of fillings, so that it 
would be possible to calculate the effect of any varia- 
tions in design, and to indicate the most profitable 
lines for the development of coke-oven regenerators. 

The Economic Limits of Separation of Middlings in 
Dense Medium Washers. K.F. Tromp. (Journal of 
the Institute of Fuel, 1946, vol. 19, Feb., pp. 112-115). 
When the middlings are used as a boiler fuel the 
separation between the middlings and the shale 
should be chosen at a density where the middlings 
have such a high ash content that the cost of indus- 
trial firing just equals the amount of its heat contri- 
bution. This ultimate allowable ash content, called 
the “economic firing limit’ was originally assessed 
by Haarmann at 65% when the middlings are fired at 
the colliery. The author has reinvestigated the 
various factors involved, and arrives at the con- 
clusion that normally the density cut will be much 
lower (at about 56% of ash), but that under certain 
conditions higher ash contents (up to 70%) can still 
advantageously be fired. Due to the imperfection 
of coal-washing systems, the actual cut has normally 
to be located at a density other than that of the 
economic firing limit, in order to be certain that the 
economic loss due to migrated materialis at a minimum. 

The Newcastle Steel Works Cleans Coal. W. H. 
Wainwright and J. S. Ratcliffe. (B.H.P. Review, 
1945, vol. 23, Dec., pp. 6-8). A description is given 
of the Barvoys coal-cleaning plant at the coke-ovens 
of the Broken Hill Proprietary Co., Ltd., Newcastle, 
New South Wales. 

Pulverised Coal and the Modern Drop Forge. J. M. 
Austin. (Institute of Fuel Wartime Bulletin, 1946, 
Feb., pp. 122-130, 134). A detailed description is 
given of an installation of fifty furnaces fired by 
pulverized coal for heating forgings. They include 
both batch and continuous furnaces. Full details are 
given of the refractories and insulation used and of 
the measures taken to reduce slagging and the 
maintenance costs associated with it. The properties 
and preparation of the fuel and plant operation and 
performance are also dealt with. 

The Agglutination and Swelling of Coking Coal. 
H. E. Blayden, H. L. Riley, and F. Shaw. (Fuel in 
Science and Practice, 1946, vol. 25, Jan.-Feb., pp. 
13-24). The literature on agglutinating tests for 
coal is reviewed and some limitations of the British 
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Standard Method for determining the agglutinating 
value are pointed out. Experiments are described in 
which coke buttons were prepared from coal mixed 
with colloidal magnesium trisilicate, and crystalline 
and amorphous varieties of silica and alumina. The 
factors inherent in the coal itself which affect the 
strength of the coke button are: (a) The proportion 
and character of the agglutinating constituents, 7.e., 
the coking-coal bitumens; (6) an inherent strength 
factor possibly determined by the pressure on the coal 
during formation; and (c) the extent of the swelling 
during carbonization. Laboratory tests can provide 
a valuable guide to the correct choice of carbonizing 
conditions and proper blending to obtain a coke with 
optimum properties. 
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Coke Oven and B. F. Practice. J. H. Patchett. 
(Cleveland Institution of Engineers: Iron and Steel, 
1946, vol. 19, Feb., pp. 63-68). A general survey of 
the progress in coke-oven and blast-furnace practice 
in Great Britain in recent years, with indications of 
the direction which future developments are likely to 
take, is presented. 

Method for Obtaining Ammonium Chloride from 
Gas-Liquor. C. H. Bone. (Blast Furnace and Steel 
Plant, 1945, vol. 33, Dec., pp. 1507-1510). A method 
of recovering ammonium chloride, which is satis- 
factory for use in galvanizing flux, from the gas- 
liquor produced during the carbonization of coal is 
described. ‘The process has been worked successfully 
on a pilot-plant scale. 
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The Profile of Blast Furnaces. V.Rémond. (Revue 
de Métallurgie, Mémoires, 1945, vol. 42, Feb., pp. 
29-64). A report is presented on a comprehensive 
study of blast-furnaces. It contains: (1) A table of 
profiles of 56 French blast-furnaces ; (2) a comparison 
of the dimensions of these blast-furnaces and of data 
on their operation ; (3) data relating to the production 
and efficiency in various blast-furnace plants, and (4) 
the author’s conclusions presented in the form of a 
study of blast-furnace parameters. Finally, the 
evolution of the blast-furnace profiles in France from 
1920 to 1940 is described, and data relating to blast 
pressure are given. 

Three Blast-Furnace Questions. O.R. Rice. (Blast 
Furnace and Coke Oven Association of the Chicago 
District and Eastern States Blast Furnace and Coke 
Oven Association: Blast Furnace and Steel Plant, 
1946, vol. 33, Dec., pp. 1523-1529). The following 
three questions relating to blast-furnace operation 
are discussed : (1) Does easier driving reduce the coke 
rate per ton of pig-iron ? (2) Do little furnaces have 
lower coke rates than big ones ? (3) Does a relatively 
large working volume conduce to a lower coke rate ? 
Data on these questions are presented and considered, 
and the following conclusions are reached: (1) Easier 
driving does seem to reduce the coke rate, but not toa 
practical or economic degree; (2) small furnaces 
seem to have a lower coke rate than large ones; and 
(3) relatively large working volumes appear to result 
in a lower coke rate. 

Blowing Out of Blast-Furnaces. O. Becker. (Blast 
Furnace and Coke Oven Association of the Chicago 
District and Eastern States Blast Furnace and Coke 
Oven Association: Blast Furnace and Steel Plant, 
1945, vol. 33, Dec., pp. 1530-1531). Full Furnace 
Blowdown Method. O. Becker. (Steel, 1946, vol. 
118, Jan. 14, pp. 112-115). A method of blowing 
out a blast-furnace is described. The stack is kept 
full of nut coke which is wetted profusely in the skip. 
The blast is gradually reduced as the pressure drops, 
and after the last cast is made, the gas is drafted back, 
blowpipes are removed and the tuyeres are plugged. 
The coke may be quenched with water from above or 


below, but preferably, and with greater safety, steam 
can be used. 

Use of Domestic Coke in Blowing a Blast Furnace. 
W. H. Burnett. (Blast Furnace and Coke Oven 
Association of the Chicago District and Eastern States 
Blast Furnace and Coke Oven Association: Blast 
Furnace and Steel Plant, 1945, vol. 33, Dec., pp. 1533). 
Domestic Coke Blowout Method. W. H. Burnett. 
(Steel, 1946, vol. 118, Jan. 14, pp. 109-110). A 
procedure for blowing out a blast-furnace using 
domestic coke is described. Clean-out blanks (coke 
without ore) are charged daily for several days before 
blowing out, and the limestone in the burden is 
reduced. When ready, domestic coke only is charged 
with sufficient water in the skip to keep the top 
temperature below 600° F. Blast is taken off after 
the last cast is finished, the top is opened and full 
steam is turned into the dust catcher. Water may be 
introduced through the top to cool the stack, in which 
case it is sufficiently cooled in about 18 hr. Two 
coolers are removed and a chute is put in position to 
discharge the water and nut coke into trucks. 

Blowing Out a Blast Furnace Utilizing the Nut Coke- 
Hydraulic Wash-Out Method. J. R. Barnes. (Blast 
Furnace and Coke Oven Association of the Chicago 
District and Eastern States Blast Furnace and Coke 
Oven Association: Blast Furnace and Steel Plant, 
1945, vol. 33, Dec., pp. 1535-1536). Nut Coke 
Hydraulic Washout Method. J. R. Barnes. (Steel, 
1946, vol. 118, Jan. 14, pp. 110-112). The practice 
employed by the Republic Steel Corporation for 
blowing out blast-furnaces is described in detail. 
After the last cast the furnace is filled with nut coke, 
and cooling water and steam are injected, the pro- 
cedure being similar to that described by W. H. 
Burnett (see preceding abstract). 

The Krupp-Renn Process. (Iron and Coal Trades 
Review, 1946, vol. 152, Mar. 15, pp. 485-491). See 
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i Hot-Pressing of Iron Powders. O. H. Henry and 
J. J. Cordiano. (American Institute of Mining and 
Metallurgical Engineers, Technical Publication No, 
1919: Metals Technology, 1945, vol. 12, Oct.). An 
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investigation is reported the purpose of which was to 
determine the properties of hot-pressed specimens of 
electrolytic iron powder. Three methods of supplying 
heat to the specimens during the pressing operation 
were employed, viz., induction, passing a current 
through the highly resistant mass of powder, and 
enclosing the entire die assembly in a furnace. Ten- 
sile, density, and hardness tests were conducted on 
the specimens. There was a decided increase in 
density with increasing temperature. The curves for 
tensile strength and elongation clearly show the 
advantages that may be gained from hot-pressing. 
The increase in the surfaces of the particles coming 
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into contact and the increase in the diffusion rates 
with rising temperature under sustained pressure 
are mainly responsible for the intraparticle bond- 
ing. 

Pressing Complicated Shapes from Iron Powders. 
C. G. Goetzel. (American Institute of Mining and 
Metallurgical Engineers, Technical Publication No. 
1920: Metals Technology, 1945, vol. 12, Oct.). Two 
processes for moulding complicated parts of uniform 
density from powdered metals are described in detail. 
The first refers to curved parts, and the second is 
especially adapted to parts having one or more 
recesses or steps. 
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Gray Iron Acceptance Broadens. 'T’. Barlow. (Foun- 
dry, 1946, vol. 74, Jan., pp. 70-75, 162). Develop- 
ments in processes and equipment at American grey 
iron foundries during the war are reviewed. 

What Type Charger and Charging Bucket. A. W. 
Gregg. (Foundry, 1945, vol. 73, Dec., pp. 84-87, 
228-232). Factors affecting the selection of mechani- 
cal equipment for charging cupolas are discussed and 
a number of charging-bucket designs are critically 
reviewed. 

Foundries of the Future. J. B. Lamenzo. (Foun- 
dry, 1945, vol. 73, Nov., pp. 84-87, 238-246; Dec., 
pp. 88-93, 258-262). Factors to consider in the 
installation of conveyor systems and other labour- 
saving equipment in the foundry are discussed. 

Foundry Practice at Consolidated. T. R. Stanley. 
(Canadian Metals and Metallurgical Industries, 1945, 
vol. 8, Dec., pp. 24-26). A description is given of the 
foundry practice at the works of the Consolidated 
Mining and Smelting Company of Canada, Ltd., British 
Columbia, where a wide variety of iron, steel, and non- 
ferrous metal castings are made. 

Wartime Foundries of China. E. K. Smith. (Foun- 
dry, 1945, vol. 73, Dec., pp. 83, 210-218). Some of 
the difficulties encountered and overcome during the 
war by foundries in China are described. 

The Manufacture and Properties of Modern High- 
Strength Castings. Part I. Steel Castings. C. H. 
Kain. (Manchester Association of Engineers, Feb., 
1946, Advance Copy). A general account of the 
production of medium and light steel castings is given. 
The properties and methods of testing are discussed, 
with special reference to the casting of test bars. 

The Manufacture and Properties of Modern High- 
Strength Castings. Part 2. High Duty Cast Irons. 
J.J.Sheehan. (Manchester Association of Engineers, 
Feb., 1946, Advance Copy). Progress in the produc- 
tion of high-duty cast irons is reviewed, with notes on 
the properties of cast-iron valve-tappets, low- 
chromium irons for wear-resistance and high-silicon 
irons for heat-resistance. A syphon pouring arrange- 
ment for the cupola spout which separates the slag 
from the metal and creates a substantial head of 
incandescent slag in the cupola is described. 

Some Notes on High-Duty Cast Irons. A. H. 
Horton. (Institute of British Foundrymen : Foundry 


Trade Journal, 1946, vol. 78, Feb. 14, pp. 169-171). 
Methods of making high-duty cast iron in the cupola 
with subsequent additions of inoculants are described, 
and the properties of the iron are discussed. 

Malleable Industry Improves Plant Facilities. C. H. 
Lorig. (Foundry, 1946, vol. 74, Jan., pp. 92-96, 214— 
218). Some of the very modern equipment installed 
at American malleable iron foundries during the war is 
described and illustrated. 

West Coast Steel Foundry Uses Large Furnaces. 
R. L. Collier. (Foundry, 1945, vol. 83, Dec., pp. 99- 
100). A brief description is given of the electric fur- 
naces and equipment which were installed for a new 
steel foundry at Portland, Oregon, for casting stern 
frames and other heavy castings for the shipyards. 

The Manufacture of Some Thin- Walled Steel Castings, 
with Notes on the Influence of Pouring Speed. The 
Foundry Practice Sub-Committee. (Journal of the 
Iron and Steel Institute, 1945, No. IT., pp. 519P-534P). 
This paper is presented by the Foundry Practice Sub- 
Committee of the Steel Castings Research Committee. 
Short accounts are given of the moulding and founding 
procedures used at seven foundries in the production 
of thin-walled steel castings, and of the influence of 
the rate of pouring on the quality of the castings pro- 
duced. With bomb castings, least difficulty was met 
with when the moulds were filled quickly, and also 
less trouble was encountered with hot steel. There 
was considerable scabbing with very slow casting or 
with very cool steel. High rates of pouring also 
reduced the number of rejections due to hot tears, 
pulls, and other defects, such as sand inclusions. 
Casting temperatures above 1580° C. gave better 
results than temperatures below, say, 1550° C. With 
axle cases, satisfactory castings were made over a wide 
range of pouring speeds, but it should be noted that 
the casting temperatures are available for only one 
foundry. 

Steel Castings Find New Applications. C. E. Sims. 
(Foundry, 1946, vol. 74, Jan., pp. 76-81, 220-225). 
Wartime developments in the manufacture of steel 
castings in the United States are reviewed. 

Brockhouse—Growth of a Great Polygon Industry. 
(British Steelmaker, 1946, vol. 12, Jan., pp. 10-16). A 
brief account (based on Compton Mackenzie’s book 
“ Brockhouse ”’) is given of the life and work of John 
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Brockhouse of West Bromwich, founder of the Com- 
pany bearing hisname. John Brockhouse became the 
central figure in a great industrial combination 
embracing twenty-five individual companies making 
iron and steel castings, heavy chain, and machinery 
of all kinds. 

1944-45 Sintering Test. (American Foundryman, 
1945, vol. 8, Dec., pp. 38-39). This paper is a short 
report by the Committee on Sintering Test of the 
American Foundrymen’s Association; in it the 
causes of the “ spotty burning on ”’ of sand on a steel 
casting are examined. This defect is attributed to 
insufficient ramming. 

Effective Use of Cereal Core Binders. 
De Clercq and T. Barlow. 
Dec., pp. 109, 192-210). The effect of corn-flour on 
the green strength, dry strength, permeability, baking 
time and surface hardness of core-sand mixtures is 
discussed and recommendations on the use of corn- 
flour as a binder are made. 

Dust Removal at Belt Transfer Points. C. C. 
Hermann. (Foundry, 1945, vol. 73, Dec., pp. 107, 
226-228). In mechanized foundries where the sand is 
conveyed on belts there is always dust at the end of 
the belt where the sand is tipped off on to another 
belt. Details are given of the design of hoods to place 
over the conveyors at these points. 

High-Pressure Feeding of Static Molds. S. T. 
Jazwinski and 8. L. Finch. (Iron Age, 1946, vol. 157, 
Jan. 10, pp. 59-63; Jan. 17, pp. 54-63). Seep. 20 4. 

The Feeding of Castings. R.W.Ruddle. (Institute 
of Australian Foundrymen: Foundry Trade Journal, 
1946, vol. 78, Mar. 7, pp. 253-256). The mechanism 
of the solidification of metals in moulds is explained 
and the essential requirements for good feeding 
practice are pointed out, with notes on the dimensions 
and position of risers. Finally, the method of applying 
atmospheric pressure to blind risers by inserting a core 
of permeable material in the riser cover is described. 

Some New Foundry Plant. (Engineer, 1946, vol. 
181, Feb. 15, pp. 151-152). Illustrated descriptions 
are given of new core-blowing, core-making and shot- 
blasting machines which have been developed by a 
Birmingham company. 

The Formation of Banded Structures in Horizontal 
Centrifugal Castings. C. Howson. (Foundry Trade 
Journal, 1946, vol. 78, Feb. 21, pp. 191-199). The 
formation of banded structures in centrifugal castings 
has been correlated with the degree of vibration of the 
casting machine in an earlier paper by L. Northcott 
and D. McLean (see Journ. I. and 8. I., 1945, No. I., 
p. 303 Pp). In the present paper an effort is made to 
show that the existence of vibration is not a necessary 


Avavell. 


(Foundry, 1945, vol. 73, - 


61 A 


condition, as in horizontal casting there is an inherent 
variation in mechanical force during rotation. The 
first section deals with mathematical and theoretical 
considerations with regard to centrifugal casting ; 
some examples of ferrous and non-ferrous-metal 
centrifugal castings are described, and finally an 
attempt is made to explain the macrostructural 
formations encountered. 

Centrifugally Cast Aircraft Parts. J. F. B. Jackson. 
(Aircraft Production, 1945, vol. 7, Nov., pp. 511-518). 
The application of the centrifugal casting process to 
irregular and asymmetrical units in high-tensile alloy 
steel is described, and the results of typical mechanical 
tests on centrifugal castings for aircraft are given. 

Foundry Research at Watertown Arsenal. W. G. 
Gude. (Foundry, 1945, vol. 73, Dec., pp. 104-106, 
186-188). <A brief description is given of some of the 
research work on the centrifugal casting of steel gun- 
barrels which has been carried out at Watertown 
Arsenal in the United States. 

Methods Employed to Obtain Rates of Solidification. 
K. L. Clark. (American Foundryman, 1945, vol. 8, 
Dec., pp. 24-25). This paper constitutes the first 
part of a report on work done by the Heat Transfer 
Committee of the American Foundrymen’s Associa- 
tion. It describes tests in which a series of steel plates 
6x 6x 2 in. 8x 8 x 4 in., 12 x 12 x 6 in., and 
12 x 8 x 4 im. were cast in dry-sand moulds and in 
chills. The flasks were overturned at selected time 
intervals after pouring, and the relationships between 
the thickness of the solidified skin and time were 
determined. The results obtained are given in tables, 
and in another part of the report (see next abstract) 
they are compared with those obtained using the heat- 
flow analysis developed by Paschkis (see Journ. I. and 
8. I., 1944, No. IT., p. 267 P). 

Studies on Solidification of Castings. V. Paschkis. 
(American Foundryman, 1945, vol. 8, Dec., pp. 26-37). 
This paper is the second part of the report on work 
done by the Heat Transfer Committee (see preceding 
abstract). Before the electrical analogy method can 
be used to attack heat-transfer problems in the solidi- 
fication of castings, proof is required that the method 
is suitable. Data were therefore obtained by direct 
methods in the foundry, and these are compared in 
the present paper with data obtained with the mass- 
flow analyser. The electrical analogy method appears 
to be a promising tool, and it appears possible to 
establish with reasonable approximation one curve 
for sand casting and one for chill casting, showing the 
freezing times as functions of metal thickness. This 
approximation is better for smaller than for greater 
thicknesses. 
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Steel and the Engineer. A. Roebuck. (Journal of 
the Junior Institution of Engineers, 1946, vol. 56, 
Jan., pp. 93-96). The development of steelmaking in 
England is briefly reviewed, with notes on the work of 
eminent metallurgists and engineering achievements 
based on the use of steel. 


Developments in the Iron and Steel Industry during 
1945. W.H. Burr. (Iron and Steel Engineer, 1946, 
vol. 23, Jan., pp. 53-65). Progress made in the 
United States in 1945 in the production and finishing 
of iron and steel is reviewed. 

German Toolsteel and Special Steel Industry. J. P. 
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Gill. (Metal Progress, 1946, vol. 49, Jan., pp. 122- 
124). A-short account is given of the organization of 


the German tool-steel and special steel industry, with 
notes on the manufacturing practices. 

The Production of Very Clean Steel in the Basic 
Bessemer Shop. J. Klarding. (Iron and Steel 
Institute, 1946, Translation Series, No. 268). This 
is an English translation of a paper which appeared in 
Stahl und Eisen, 1945, vol. 65, Mar. 1, pp. 118-121 
(see Journ. I. and 8.I., 1945, No. IIL., p. 35 4). 

The Perrinisation of Basic Bessemer Steel in France. 
(Metallurgia, 1946, vol. 33, Jan., pp. 115-116). The 
Perrin steelmaking process, which was described by 
B. Yaneske (see Journ. I. and 8.1, 1940, No. IL., p. 
35 Pp), underwent further development at Valenciennes 
in secret during the German occupation in the 1940-44 
period, and a brief account of some of the work is 
given. It was found that practically pure iron could 
be produced by Perrinising basic-Bessemer steel with 
new aluminous slags. Normal basic converter steel 
at the end of the blow is slagged clean and a new basic 
slag put on. The steel is not over-oxidized. A ladle 
containing the aluminous slag is brought to a tapping 
position under the mouth of the vessel. The special 
slag, previously melted in an electric furnace, consists 
of lime and alumina; to prevent any phosphoric slag 
coming over in the tapping operation, lump lime is 
positioned at the mouth of the vessel to form a bridge. 
The vessel is then tipped quickly enough to give a 
rather violent intermixing action of the liquid slag 
and steel in the ladle. Additions of aluminium or 
ferrosilicon are made to the stream during tapping. 
The steel when cast into moulds is completely killed. 

A Laboratory Investigation of the Phosphorus 
Reaction in the Basic Steelmaking Process. K. 
Balajiva, A. G. Quarrell, and P. Vajragupta. (Iron 
and Steel Institute, 1946, this Journal, Section I.). 
A new technique, developed for melting slags and 
metal together at controlled temperatures and for 
taking satisfactory samples of slag and metal, is 
described. The technique has been applied to a study 
of the phosphorus reaction at 1585° C., using prefused 
slags containing all the normal constituents except 
CaF, but with a much wider range of composition 
than is normally encountered in industry. It is 
shown that the empirical relationships which have 
previously been developed for purposes of industrial 
slag control break down when applied to slags having 
a wide range of compositions. On the other hand, a 
linear relationship is found to exist between the 
logarithm of the phosphorus equilibrium constant 


(k = apres) 

[P}? (FeO)® 

and the logarithm of the total lime content of the 
slag. On the basis of this relationship, curves are 
drawn to assist in slag control at 1585° C. 

X-ray and petrographic examinations of the slags 
have been carried out and three constituents have 
been identified: (1) A solid solution of 3CaO.P,0, 
in 2CaO.SiO,, (2) 2CaO.Fe,0;, possibly in solid solu- 
tion with 4Ca0.Al,0,.Fe,0,, and (3) an oxide phase 
consisting mainly of FeO, MgO, and MnO in solid 
solution. The free-lime contents of the various slags 
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are calculated on the basis of 3CaO.P,0, and 2CaO.Si0, 
and various assumptions with regard to Fe,O, and 
Al,O3, and the correlation between log (free lime) and 
log & are determined statistically. Of the assump- 
tions made, that in which Al,O, was ignored and each 
molecule of Fe,O, required 0-75 molecules of CaO, 
was found to give the best result, subject to the 
limitations involved. 

The results of this preliminary investigation indicate 
that the new technique should be applicable to a wide 
range of slag-metal problems involved in the steel- 
making process. 

A Completely Automatic Control of Open-Hearth 
Reversal. B.M. Larsen and W. E. Shenk. (Ameri- 
can Institute of Mining and Metallurgical Engineers, 
Technical Publication No. 1830: Preprint, Feb., 
1945). A completely automatic system of reversal- 
valve control for open-hearth furnaces, operated by 
radiation pyrometers, is described. 

The Occurrence of Oxygen in Liquid Open-Hearth 
Steel—Sampling Methods. T. E. Brower and B. M. 
Larsen. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 1868 : 
Preprint, 1945). The differences in the results of 
oxygen analyses made from samples of steel taken : 
(a) by different sampling methods, (b) at different 
levels and positions in the bath, and (c) from the bath 
and pouring stream, were studied. Spoon-sampling 
when carefully carried out is considered preferable to 
immersing a small mould fitted with a sheet-metal 
cover in the steel bath by means of a long handle. 
The oxygen content of liquid steel in a finished heat is 
substantially the same all over the bath at the same 
level, but the content tends to decrease at increasing 
depths. 

Electrolytic Manganese in Stainless-Steel Tests at 
Rustless Steel Corp. and Universal-Cyclops Steel 
Corp. (United States Bureau of Mines, Oct., 1945, 
Report of Investigations No. 3829). Tests are de- 
scribed which were carried out at two works making 
stainless steel rather high in manganese, in order to 
determine whether electrolytic manganese (about 
99-95% purity) could be used in place of low-carbon 
80-84% ferromanganese. The electrolytic manganese 
was produced at the pilot plant of the Bureau of 
Mines at Boulder City. Both works reported that 
the use of this material was advantageous in -that 
closer control of the carbon and phosphorus contents 
was possible whilst the hot-workability, quality, and 
performance of the steel produced were unaffected. 

Electrolytic Manganese in Acid-Steel Tests at Atlas 
Steel Castings Co. and the Detroit Steel Casting Co. 
(United States Bureau of Mines, Nov., 1945, Report 
of Investigations No. 3830). Industrial-scale tests 
have proved that electrolytic manganese is entirely 
satisfactory as the form of manganese for making 
additions to both open-hearth and electric furnace 
heats of acid steel in the low- and medium-carbon 
ranges. The proportion of manganese lost was no 
greater than is the case with ferromanganese. 

Production of Nickel and Chrome Steels from Laterite 
Ores. T. F. Baily. Electrochemical Society, Oct., 
1945, Preprint No. 29). Experiments using the 
electric-arc furnace for the selective reduction of the 
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laterite nickel-chromium-iron ores of Cuba are 
described. The principle applied in the experiment 
was that nickel oxide is more readily reduced than 
iron oxide, and iron oxide more readily than chromium 
oxide. Tests showed that only the nickel oxide, part 
of the iron oxide, and none of the chromium oxide were 
reduced. The process developed offers commercial 
prospects where the cost of electric power is low and 
other favourable conditions obtain. 

Composite Steel. (Iron and Steel, 1946, vol. 19, 
Feb., pp. 57-60). A description is given of the high- 
frequency electric-furnace plant installed by James 
Neill and Company (Sheffield), Ltd., for making 
special steels. ‘There are three furnaces with capaci- 
ties of 2, 3, and 5 ewt., respectively. Special split 
moulds with a removable partition down one corner 
have been devised. High-carbon or alloy steel is first 
poured into the smaller mould; when this has 
solidified but is still white hot, the partition is re- 
moved, and the remainder of the mould is filled up 
with soft low-carbon steel. A composite ingot is thus 
obtained which, when rolled, machined and _ heat- 
treated, makes excellent cutting tools. 

Stainless Steel Scrap. L. F. Weitzenkorn. (Blast 
Furnace and Steel Plant, 1945, vol. 33, Dec., pp. 1511- 
1512, 1537, 1538). A list is given of the American 
Tron and Steel Institute types and analyses of twenty- 
nine stainless steels ; the value of stainless steel scrap 
and the necessity for careful segregation of the 
different types are emphasized. 

Scrap-Handling Magnet Improved through Welded 
Design. (Steel, 1946, vol. 118, Feb. 4, pp. 134-136). 
Two modifications which improved the efficiency of a 
magnet for lifting scrap are described. One consisted 
of closing the gap between the pole ring and the housing, 
and the other of welding a special central pole shoe 
to the housing, the shoe being designed to withstand 
impacts when the magnet is lowered on to the scrap. 

Novel Test Sample Speeds Tap Carbon Analysis. 
(Steel, 1946, vol. 118, Jan. 28, p. 148). A novel 
casting-pit sampling procedure is described. It 
consists of taking a test spoonful of slag-free metal 
from the bath, killing the steel with aluminium wire 
and drawing a column of approximately 6 in. of clean 
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steel into a 6-mm. pyrex glass tube by suction with a 
rubber bulb. The sample is quenched in water; the 
glass is broken away and a sample ? in. long is sheared 
from the centre of the rod with clippers. 

Progress with Large Electric Steel Furnaces. 
Arend. (British Steelmaker, 1946, vol. 12, Jan., pp. 
34-37). Advancements in electric-furnace _ steel- 
making are reviewed, the subjects dealt with including 
electro-hydraulic control, making electrode material 
above the furnace and feeding it continuously through 
the furnace roof, and rapid charging with baskets. 

Steel Production and Its Problems. D. Clark. 
(Australian Institute of Metals: Australasian En- 
gineer, 1945, Dec. 7, pp. 41-52). A detailed account 
is given of the production of steel in the are furnace, 
the heat-treatment of alloy and high-speed steel, 
induction hardening, and nitriding. Fatigue, cor- 
rosion-fatigue, and the differences between research 
and investigation are dealt with. 

Manufacture of Steel Products from Billet-Size 
Ingots. R. W. Scholl. (Steel, 1946, vol. 118, Jan. 
21, pp. 88-89, 104-108). A description of the steel- 
making practice at the Connors Steel Co., Birming- 
ham, U.S.A., is given. Steel is made in two electric- 
are furnaces with capacities of 3 and 44 tons/hr. 
respectively. Small ingots with a maximum size of 
about 5 x 5 x 60 in. are cast and then rolled into 
finished products without any necessity for reheating. 

Co-Operative Research in the Iron and Steel In- 
dustry. C.F. Goodeve. (Sheffield Society of Engin- 
eers and Metallurgists : Iron and Coal Trades Review, 
1946, vol. 152, Mar. 15, pp. 501-502). The objects 
and scope of the recently formed British Iron and 
Steel Research Association are explained. One of its 
primary objects is to provide a mechanism whereby 
the brains of the people in the industry could be 
applied to the benefit of the whole of the industry as 
well as to that of the particular firm in which they 
worked. There was, and would continue to be, a 
Corrosion Testing Station to act as a centre of field 
investigations in that subject. It was planned to set 
up a Coatings Research Station at Swansea to 
specialize in all problems concerned with metallic and 
other inorganic coatings on steel. 
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Pit Furnaces at Lukens. H. S. Hall. (Iron and 
Steel Engineer, 1945, vol. 22, Oct., pp. 81-85). An 
illustrated description is given of an installation of 
eight soaking-pits at the works of the Lukens Steel Com- 
pany. Four pits are 15ft.9in. x 10 ft. 6 in., and four 
are 12 ft. x 10 ft. 6 in., all with a depth of 11ft. 9 in. 

Ingot Heating with Modern Soaking Pits. N. W. 
Richardson. (Iron and Steel Engineer, 1946, vol. 23, 
Jan., pp. 96-100). The descriptions are given of the 
following modern types of soaking pits: (1) The 
one-way-fired recuperative pit; (2) the bottom-fired 

‘recuperative pit; (3) the end-fired rectangular re- 
cuperative bed; and (4) the circular pit with burners 
placed tangentially round the bottom. 


The Instrumentation of Soaking Pits. J.P. Vollrath. 
(Blast Furnace and Steel Plant, 1945, vol. 33, Nov., 
pp. 1391-1393). Descriptions and diagrams are given 
of electrical and other instruments for measuring and 
controlling the temperature of soaking pits, the 
temperature distribution, the pressure, the fuel flow, 
the gas/air ratio, and for signalling when the soaking 
process is finished. 

Auxiliary Machinery for Ironworks Driven by High- 
Pressure Oil. M. Oledal. (Teknisk Tidskrift, 1945, 
vol. 75, Oct. 20, pp. 1139-1144). (In Swedish). 
Illustrated descriptions are given of charging 
machines operated by high-pressure oil for putting 
ingots in reheating furnaces. 


( 


644 ) 


FORGING, STAMPING, AND DRAWING 


(Continued from pp. 42 A—43 a) 


Quality Control of Truck and Bus Forgings. D. A. 
Barnes. (Steel Processing, 1945, vol. 31, Dec., pp. 
760-762). The sequence of processes in the forging of 
parts of the steering mechanism for heavy motor 
vehicles in nickel-chromium—molybdenum steel is 
described and illustrated. 

Upsetting Cylinder Barrels. G. W. Birdsall. (Steel, 
1945, vol. 117, Dec. 31, pp. 538-56). A description is 
given of the sequence of processes by which marine 
engine cylinders about 8 in. in dia. are upset-forged 
in only four passes from solid blanks with a great 
saving in machining as compared with former methods. 

Photo-Grids. F. Hewlett. (Aircraft Production, 
1945, vol. 7, Sept., pp. 425-427)... A method of pro- 
ducing fine-lined grids on metal sheets is described. 
The grids are used for measuring the flow and stretch 
of metal in pressing and forging operations. 

Die Rolling. H. F. Marquardt. (Iron and Steel 
Engineer, 1946, vol. 23, Jan., pp. 68-71). The manu- 
facture of dies and the process of die-rolling are 
described in detail. 

Forging Die Design. J.Mueller. (Steel Processing, 
1945, vol. 31, Dec., pp. 774-776). <A description is 
given of the dies used for forging the crankshaft for a 
very small petrol engine with a cylinder only 3@ in. 
in dia. 

Mass Producing Rocket Projectiles at Westinghouse 
Plant. W.G. Miller. (Industrial Heating, 1945, vol. 
12, Oct., pp. 1694-1700, 1800). The processes of 
heating, forming, heat-treating, and machining, at a 
large plant of the Westinghouse Electric Corporation 
where rocket: projectiles are made in huge quantities, 
are described. 

A Review of the German Spring Making Industry. 
(Wire Industry, 1946, vol. 13, Jan., pp. 33-34). A 
brief review of the spring industry of Germany is 
presented ; it is based on a Combined Intelligence 
Objectives Sub-Committee Report by R. W. Cook, 
supplied by the Controller of Springs of the Ministry 
of Supply. 

New Wire Drawing Machine. (Wire Industry, 1946, 
vol. 13, Jan., p. 37). A description is given of a new 
16-die, dry cone wire-drawing machine for finishing 


wire of 42-50 S.W.G. in both ferrous and non-ferrous 
materials. 

An Extension of Wire-Drawing Theory, with Special 
Reference to the Contributions of K. B. Lewis. R. 
Winstanley Lunt and G. D. 8. MacLellan. (Journal 
of the Institute of Metals, 1946, vol. 13, Feb., pp. 
65-96). <A rigid analysis of the wire-drawing process 
through a conical die channel has been developed in a 
manner formally similar to that adopted by Lewis, 
but with the introduction of two new quantities. 
These quantities are: (1) The mean normal stress on 
the die-channel wall, s,, and (2) the mean coefficient 
of friction, u, between the wire and the die channel, 
the averaging being carried out with respect to the 
interfacial surface concerned. The derivation of the 
numerical values of the two quantities has been 
described for the case when the wire is fed in tension 
to the die, and when the reaction on the die seating 
falls linearly as this tension is increased. By com- 
paring this rigid analysis with Lewis’s theory, it is 
found that his use of Y, the mean yield stress of the 
metal in the deformation zone of the die, in place of 
Gp, is inadmissible. It is also found that the quantity 
vz, Which appears in his theory as the coefficient of 
friction, is only a numerical factor taking account of 
the difference between Y and oy. 

The Importance of Reduction of Area in the Evalua- 
tion of High Carbon Steel Wire for Cold Drawing 
Purposes. D. A. Sutch and B. L. McCarthy. (Wire 
and Wire Products, 1945, vol. 20, Dec., pp. 923-925 ; 
962-963). It is shown that the reduction in area at 
fracture in the tensile test on patented steel wire is a 
valuable guide to the microstructure of the material 
and to its suitability for drawing to make high- 
quality wire. 

Drawing Wire without Lime. H. L. Trembicki. 
(Wire and Wire Products, 1946, vol. 21, Jan., pp. 
38-39). A pickling, washing, and coating process 
which leaves an excellent lubricant on the wire for 
subsequent drawing is described. The coating com- 
pound has good wetting properties and is of very low 
alkalinity. Its composition is not stated, but it is a 
better drawing lubricant than lime. 


ROLLING-MILL PRACTICE 


(Continued from p. 23 A) 


Overload Protection for Mill-Type D.C. Auxiliary 
Motors. G. A. Moffett. (Iron and Steel Engineer, 
1945, vol. 22, Dec., pp. 67-71). The author discusses 
in detail the operation of several types of overload 
relays, and their application, particularly to D.C. 
auxiliary motors in the rolling mill. 

Cold Rolling. C. E. Davies. (Metallurgia, 1946, 
vol. 33, Jan., pp. 147-153). Recent progress in the 
design of rolling mills and in the cold-rolling practice 
of steel strip and sheets in Great Britain are reviewed. 


Roll Manufacture and Application. A. E. Murton. 
(Iron and Steel Engineer, 1945, vol. 22, Nov., pp. 51- 
56). The author describes the types of rolls in 
common use in American rolling mills and briefly 
discusses their manufacture, and the rolling conditions 
for which each type is suitable. 

Merchant Mill and Alloy Finishing Facilities at 
Fontana. R. M. Bickerstaff. (Blast Furnace and 
Steel Plant, 1945, vol. 33, Dec., pp. 1513-1522). A 
detailed description is given of the merchant bar mill 
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at the Kaiser Steel Plant, Fontana, California. It 
was put in commission in April, 1945, and is designed 
to roll flats up to 18 in. wide, rounds up to 44 in. in 
dia., squares up to 3 x 3 in., and angles up to 3 x 3 in. 
The mill has a capacity of about 180,000 tons per 
annum. 

The Manufacture of Seamless Steel Tubes. J. W. 
Jenkin. (Sheffield Society of Engineers and Metal- 
lurgists: Metallurgia, 1945, vol. 33, Nov., pp. 3-6; 
Dec., pp. 59-64; 1946, Jan., pp. 139-144). Detailed 
and illustrated descriptions are given of various 
methods of manufacturing seamless steel tubes 
including the pilger, Diescher, Assel and Foren 
processes. 

Seamless Steel Tubes. H. Sanders. (British Steel- 
maker, 1945, vol. 11, Nov., pp. 500-504; Dec., pp. 
557-561). Descriptions are given of the processes 
involved in making “ hollows ” (the raw material for 
seamless steel tubes), the sinking and plug-drawing 


65 A 


methods of reducing the hollows and the heat-treat- 
ment of the finished tubes. 

Heavy Wall Pipe. E. C. Wright. (American 
Society for Testing Materials: Steel, 1945, vol. 117, 
Dec. 31, pp. 70-72). The difficulties and high costs 
involved in the rolling of thick-walled tubes which 
are only required in small quantities are discussed, 
and some suggestions for simplifying the specifications 
and reducing the costs are made. 

Salvaging Forged Alloy Steel Rolls. H. L. Watson, 
jun. (Iron and Steel Engineer, 1945, vol. 22, Dec., 
pp. 55-60). The following methods of salvaging 
worn-out rolls are described and illustrated : Simple 
regrinding after normal use; repairing damaged rolls 
by grinding and etching ; stress-relieving treatments ; 
rehardening for use in the same mill; turning down 
into smaller rolls for use in another mill; renewing 
eos forged or cast back-up rolls by shrinking-on a 
sleeve. 


HEAT-TREATMENT 


(Continued from pp. 43 a—45 a) 


Heat Treating B-29 Super-Fortress Engine Parts in 
Mammoth Dodge-Chicago Plant. (Industrial Heating, 
1945, vol. 12, Oct., pp. 1658-1690; Nov., pp. 1872- 
1878, 1900). An illustrated description is given of an 
extensive heat-treatment plant of the Chrysler Cor- 
poration. This comprises carburizing furnaces, a 
continuous gas-fired radiant-tube annealing furnace 
60 ft. long, a nitriding plant, and continuous hardening 
and tempering furnaces. The heat-treatment plant 
for making and maintaining the tools for the above 
operations are described in the second part of the 
article. 

Fabricating and Heat Treating Hollow Steel Pro- 
peller Blades at Curtiss-Wright Plant. (Industrial 
Heating, 1945, vol. 12, Oct., pp. 1702-1716; Nov., 
pp. 1888-1900). The equipment and processes used 
in the manufacture of hollow steel propeller blades for 
aircraft are described. This involves milling and 
blanking the plates with subsequent pressing, shaping, 
welding, brazing, and heat-treatment. 

Grinding Hardened Steel Precision Gears. EH. A. 
Koether. (Engineering Materials and Processing 
Methods, 1945, vol. 22, Dec., pp. 1754-1758). The 
heat-treatment and finishing of gears for aero- 
engines are discussed with special reference to the 
effects of grinding, decarburization and shot-peening 
on the fatigue strength. 

Temperature-Time Distribution in Rectangular Bars. 
W. M. Rohsenow, M. J. Aronstein, and A. C. Frank. 
(Transactions of the A.S.M.E., 1946, vol. 68, Feb., pp. 
135-141). Charts for determining the changes of 
temperature with time in the heating of flat plates, 
infinite cylinders, and spheres have been published 
previously. In this paper the lower ends of these 
curves are amplified. In addition, the rapid con- 
vergence of the series solution is shown, and series of 
curves for rectangular bars are presented. 

Gaseous Cementation. J. Pomey. (Laboratoire 
des Usines Renault, Billancourt, Paris, Dec. 18, 1942). 
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A comprehensive report on the gas-carburization of 
steel is presented in four parts. In Part I. the history 
and present state of development of the process are 
reviewed and the equilibria between iron, austenite 
and cementite on the one hand, and CO-CO, mixtures 
and the hydrocarbon gases on the other hand, are 
dealt with. In Part II. an account of laboratory 
experiments with gas-carburizing is given. In Part 
IIL. the preparation of a suitable carburizing gas and 
the control of its temperature, pressure and composi- 
tion by methods developed at the Usines Renault are 
described ; this gas consists of charcoal producer gas 
with an addition of propane. In Part IV. a small 
rotating chamber for carburizing small parts in 
batches and a large continuous furnace equipped with a 
pusher for dealing with plates are described. 

Summary of a Study of Gaseous Cementation. J. 
Pomey. (Laboratoire des Usines Renault, Billan- 
court, Paris). The equilibria involved in gas- 
carburizing are studied and the plant developed at the 
Usines Renault for preparing the gas and carburizing 
small parts and plates is described. This process has 
been found to cost less than half as much as box- 
carburizing with a solid medium. 

Characteristics and Uses of Salt Baths. R. C. 
Stewart. (Iron Age, 1946, vol. 157, Feb. 14, pp. 
46-52). The development of salt baths with sub- 
merged water-cooled electrodes has given new impetus 
to the use of salt baths in the mass-production heat- 
treatment of both ferrous and non-ferrous metals. In 
this paper a review is presented of these and other 
improvements in cyanide and carburizing baths, with 
notes on the composition of the solutions used. 

The Isothermal Heat-Treatment of Steel. HE. F. 
Watson and J. McArthur. (Machinery, 1946, vol. 
68, Feb. 28, pp. 265-271). The isothermal heat- 
treatment of steel is explained by reference to the 
S-curve. The equipment required and the properties 
of the molten salt for quenching are discussed, and the 
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results obtained by this treatment in the hardening of 
rocket tubes, knife blades, machete blades, and pistol 
parts are given. The principal advantages of the 
treatment are the reduction in distortion and the fact 
that finished-machined parts can be hardened. 

Precise Control of Steel Hardening. H. A. Knight. 
(Engineering Materials and Processing Methods, 1945, 
vol. 22, Dec., pp. 1736-1738). <A brief description is 
given of the heat-treatment furnaces, the process, 
and the methods of control which were developed for 
hardening 244-in. bars, tapering from ? in. to 1} in. in 
dia., of chromium—molybdenum steel. 

Effect of Preliminary Treatment on High-Speed 
Steels. F. F. Dodson. (Metallurgia, 1946, vol. 33, 
Jan., p. 124). The sodium-cyanide treatment for 
high-speed steel described by J. McIntyre (see Journ. 
I. and 8.I., 1945, No. I., p. 50 4) is discussed and some 
experiments on 18%-tungsten and 6%-molybdenum 
high-speed steels are described. It was confirmed 
that the treatment does slightly enhance the harden- 
ability for a certain depth, but does not increase the 
total hardenability. 

Flame-Hardening in the Small Shop. W. B. Sharav. 
(Welding Journal, 1946, vol. 25, Jan., pp. 19-24), A 
number of designs of flame-hardening equipment for 
use in small workshops are described and illustrated. 

Flame-Hardening Small Machined Parts. (Iron 
Age, 1946, vol. 118, Feb. 7, p.77). A flame-hardening 
machine for parts between 14 and 12 in. in dia. is 
described. The part to be hardened is spun on a 
vertical axis and heated by a number of radially 
positioned oxy-acetylene burners. On attaining the 
correct temperature the burners are withdrawn and 
sprays of water are directed on the part. 

Induction Hardening as Applied to Farm Ma- 
chinery. F. F. Vaughn. (S8.A.E. Journal, 1946, vol. 
54, Jan., pp. 38-43). Problems involved in induction- 
hardening are reviewed and some examples of the 
successful application of induction-hardening to 
parts of agricultural machinery are described. 

Induction Heating. N. R. Stansel. (Iron and 
Steel Engineer, 1946, vol. 23, Jan., pp. 102-111). 
The principles of induction heating are explained and 
data which enable the heating rates of different sizes 
and shapes of bar to be calculated are presented. 

Induction Heating for Shrinking-On Heavy Parts. 
(Machine Shop Magazine, 1946, vol. 7, Feb., pp. 45-46). 
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Descriptions are given of two induction-heating 
machines made up from components of resistance- 
welding machines. The former were used for rapidly 
heating up 50-lb. steel suspension arms for shrinking 
on to spindles. 

Nitriding of Aircraft Steels. P. A. Haythorne. 
(Iron Age, 1946, vol. 157, Jan. 31, pp. 44-48). An 
investigation is described in which the surface hard- 
ness and changes of hardness with depth obtained on 
nitriding the following steels at 900°, 950°, and 1000° 
F. in 30%, 45%, and 60% dissociated ammonia, 
respectively, were studied : (1) A 0-19%-carbon steel, 
(2) a 0-95%-carbon steel, (3) a 0-91%-chromium 
0-22%-molybdenum steel, (4) three chromium-nickel-— 
molybdenum steels, and (5) Nitralloy G (containing 
1:33% of chromium, 0:33% of molybdenum, and 
1:30% of aluminium). The results are presented as 
depth-hardness curves. The acceptance of nitrided 
steels on the basis of surface hardness alone is not 
generally justified, although this value may serve as a 
basis for comparison. 

Cycle Annealing of Hypo-Eutectoid Steels. G. R. 
Brophy. (Iron Age, 1945, vol. 156, Dec. 13, pp. 
69-71). The austenite in some complex alloys is so 
slow to transform during continuous cooling that 
many days are required to soften them adequately for 
machining and cold-working. A method of heat- 
treatment is outlined which reduces the time of 
treatment. 

The Application of Cathode-Ray Oscillographs when 
Photographing Cooling Curves for Quenching Oils. 
B. Levy. (A/B. Wahlén och Block, Wabo Tekniska 
Meddelanden, 1945, No. 3, pp. 1-6). (In Swedish). 
A description is given of an apparatus which was set 
up for obtaining permanent records of the cooling 
curves for quenching oils obtained with a cathode-ray 
oscillograph. 

The Resistance of Quenching Oils to Oxidation. 
(A/B. Wahlén och Block, Wabo Tekniska Meddelan- 
den, 1945, No. 3, pp. 6-8). (In Swedish). A de- 
scription is given of a simple appartaus for determining 
the rate at which quenching oils absorb oxygen. The 
stability of an oil is greatly reduced by an organic 
compound, ferric naphthenate, which forms after the 
oil has been used a few times. Rust also reduces the 
resistance to oxidation, but to a less extent. The use 
of oxidation inhibitors is discussed. 
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Economics of Are Welding. W. J. Brooking. 
(Steel, 1946, vol. 118, Jan. 21, pp. 81, 111, 112; Jan. 
28, pp. 124-126, 187-189). The costs of electric 
welding are analysed and several important factors 
affecting the costs are discussed. 

Arewelding Trends in Wartime Germany. F. W. 
Myers, jun. (Iron Age, 1946, vol. 118, Feb. 7, pp. 
56-60). The measures which were taken in Germany 
during the war to meet the increased demands on the 
welding industry are outlined. No very important 
developments are cited, but some interesting work was 


done in the production of welded passenger coaches, 
frameless tank cars, and mine tubs. 

Metallurgy as Applied to Welding. R. B. Lincoln. 
(Welding Journal, 1945, vol. 24, Dec., pp. 1143-1147). 
The metallurgical characteristics of carbon steels and 
alloy steels which affect its welding properties are 
explained. If electrodes of 14°%-manganese steel are 
used to deposit a hard face on plain carbon steel there 
will be a layer, somewhere between the parent metal 
and the surface, where the composition is 3-5% of 
manganese and this will be hard and brittle. This 
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can be avoided by depositing an intermediate layer of 
18/8 stainless steel. 

Metallurgical Features in Welded Steels. H. O'Neill. 
(Transactions of the Institute of Welding, 1946, vol. 
9, Feb., pp. 3-9). The conditions affecting the weld- 
ability of high-tensile steels are reviewed. A progress 
report is given on the new simple weld ductility test. 
From a study of the welding of steel both in the primi- 
tive smith’s hearth and by modern non-fusion pro- 
cesses a critical definition of the art is suggested. 
This definition would distinguish in principle between 
bonding effects due to true welding and adhesion 
effects such as those which occur between loaded 
metallic surfaces in rubbing contact. The fusion 
welding of ordinary steels is considered next with 
particular reference to the curious local hardening 
produced in ferrite by “stray flashes”. Wohler 
fatigue tests on a low-alloy steel intentionally provided 
with these hard spots have indicated the danger of 
such isolated are craters in structures subjected to 
dynamic stresses. 

Selection of Steel for Welding. S.L. Hoyt. (Weld- 
ing Journal, 1945, vol. 24, Dec., pp. 1180-1187). 
Factors affecting the selection of steel for welding are 
discussed with special reference to steels for oil-well 
casings and shipbuilding. 

Are Welding at the Newcastle Steel Works. A. 
Young. (B. H. P. Review, 1945, vol. 23, Dec., pp. 
18-19). Examples of the electric welding for con- 
struction and maintenance at the Newcastle Steel 
Works of Broken Hill Proprietary Co., Ltd., are 
.described and illustrated. 

The Quantitative Measurement of Welding Response 
by Bead Welds. R. D. Stout, S. S. Tor, and G. EK. 
Doan. (Welding Journal, 1945, vol. 24, Dec., pp. 
625-S-628-S). In the system for predicting the 
ductility of welds developed at Lehigh University, 
the Jominy end-quench test was used to measure the 
response of the steel to welding. This is an indirect 
method of measurement. In this paper a direct 
method is proposed. A series of welds are made by 
depositing a bead on each of a number of plates, using 
a different rate of heat input each time. 
traverses are made on each. By applying a “ geo- 
metry factor” to the hardnesses measured for the 
various rates of heat input it is then possible to 
predict the heating rates which would produce the 
desired hardness in a weld of different design. 

The Welding of Nickel-Alloy Steels. T. N. Arm- 
strong. (Iron Age, 1946, vol. 157, Jan. 24, pp. 36-41 ; 
Jan. 31, pp. 49-55; Feb. 7, pp. 69-76; Feb. 14, pp. 
56-60). In the first part of this series of articles the 
factors influencing the weldability and tests for the 
weldability of nickel steels are dealt. with. In the 
second part weldability tests, including the T bend 
test, the single V-groove weld test, and the Reeve 
cracking test, and tests for selecting welding electrodes 
are described. In the third part structural welding 
and the welding of pressure vessels are dealt with. 
In the fourth part descriptions are given of spot- 
welding, upset butt-welding, forge welding, oxy- 
acetylene welding, and oxy-acetylene pressure welding. 

Welding of Nitralloy Steels. D. Llewellyn. (Weld- 
ing, 1946, vol. 14, Feb., pp. 70-73). The results 
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obtained from hardness, tensile and impact tests on 
welded specimens of low-alloy chromium—nickel— 
molybdenum steels to British Standard Specifications 
En 40 and En 41 are presented and different methods 
of welding these Nitralloy steels are discussed. The 
atomic hydrogen welding process is the most satis- 
factory; oxy-acetylene welding gives four results, 
and metallic-arc welding is satisfactory provided 
that suitable electrodes are used. 

Resistance Welding on Stainless Steel Aircraft 
Engines and Accessories. F. G. Harkins and W. L. 
Hales. (Welding Journal, 1946, vol. 25, Jan., pp. 
39-46). Descriptions are given of methods adopted 
for the resistance-welding of complicated stainless- 
steel parts for aircraft engines. 

Resistance Welding. Part I. Modern Developments 
and Applications in Up-to-Date Fabrication Methods. 
Part II. Equipment for Spot Welding Light Alloy 
Material: Stitch and Projection Welding. Part II. 
A Survey of the Seam Welding Process and Equipment. 
R. W. Ayers. (Aircraft Production, 1945, vol. 7, 
Aug., pp. 379-384; Sept., pp. 446-450; Oct., pp. 
490-494). A comprehensive and profusely illustrated 
review of the latest types of spot- and seam-welding 
machines for both ferrous and non-ferrous metals is 
presented and the principles employed are explained. 

Measurement of the Effect of Contact Resistance in 
Spot Welding. . R. A. Wyant. (Electrical Engineer- 
ing, 1946, vol. 65, Jan., pp. 26-33). A description is 
given of an apparatus for measuring the electrical 
contact resistance in the spot-welding of sheet metal. 
The results of resistance tests in the spot-welding of 
aluminium-clad steel sheet are presented and discussed. 

Quality Control and Spot Welding. N. G. Dod. 
(Aircraft Production, 1945, vol. 7, Dec., pp. 563-564). 
The application and value of statistical methods in 
controlling the quality of spot welds are discussed. 

Testing Welds in Holland. (Institute of Welding : 
Metallurgia, 1946, vol. 33, Jan., p. 145). A brief 
account is given of a co-operative organization which 
the shipbuilding and engineering industries of Holland 
have set up for making X-ray examinations of welded 
structures of all kinds, particularly for shipbuilding. 

Controlling Distortion in the Gas Welding of Sheet 
Metals. C. G. Bainbridge. (Sheet Metal Industries, 
1946, vol. 23, Feb., pp. 356-362). The causes of 
distortion in the gas-welding of sheet metal are 
analysed. The correct preparation of butt, corner, 
lap and T joints and the appropriate welding procedure 
are described, and details of jigs for particular jobs 
are given. 

How to Select and Use Cast Iron Shanks for Cutting 
Tools. (Steel, 1946, vol. 118, Jan. 14, pp. 90-91, 124— 
A description is given of the making of cutting 
tools by brazing high-speed-steel or tungsten-carbide 
tips to shanks of high-strength cast iron. 

Modern Hard-Facing Methods. A. R. Lytle. (Weld- 
ing Journal, 1945, vol. 24, Dec., pp. 1155-1165). 
Illustrated descriptions are given of the equipment and 
techniques for welding a layer of abrasive and/or heat- 
resistant alloys on to the wearing surface of steel bars, 
cylinders, seating rings, and gears. 

Unusual Flame Cutting. (Welding, 1946, vol. 14, 
Jan., pp. 40-42). Descriptions are given of the oxy- 
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acetylene cutting of nickel-chromium—molybdenum 
steel 44 in. and 54 in. thick. A test was also made on 
mild steel 60 in. thick which demonstrated that it was 
a practical proposition with the 4-in. dia. nozzle 
employed. Details of the cuts, the equipment used, 
and the oxygen consumption are given. 

Flame Cutting. J. F. Smythe. (Steel, 1946, vol. 
118, Jan. 14, pp. 104, 131). An 8-torch electrically 
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The Effect of Triaxiality on the Technical Cohesive 
Strength of Steels. G. Sachs and J. D. Lubahn. 
(American Society of Mechanical Engineers : Welding 
Journal, 1946, vol. 25, Jan., pp. 53-S—63-8). The 
fundamental characteristics of metals revealed by 
means of extensive tensile tests on notched bars are 
described. The effects of the three major factors, 
triaxiality, plastic strain, and stress concentration, ' 
can be separated by means of systematic tests covering 
the dependence of the strength of notched bars upon 
such variables as notch radius, notch depth, and 
hardness. The characteristic strength values ob- 
tained by tensile tests on notched bars appear to be of 
considerably greater practical significance than those 
obtainable by means of the conventional tensile test. 

Cold Heading Die Steel. A. S. Jameson. (Steel, 
1946, vol. 118, Jan. 21, pp. 82-85, 123-126). Data 
on the hardness, hardness depth, and grain size of 
high-carbon and low-alloy steels for cold-heading 
dies are presented and discussed. 

The Fabrication of High-Strength Steel. C. EK. Loos. 
Steel Processing, 1945, vol. 31, Dec., pp. 755-759). 
The hot- and cold-working properties of two high- 
strength steels, namely, “ Cor-Ten”’ and a structural 
carbon steel are compared. 

The Effect of Various Elements on the Hot-Work- 
ability of Steel. H.K. Ihrig. (American Institute of 
Mining and Metallurgical Engineers, Technical Publi- 
cation No. 1932: Metals Technology 1945, vol. 12, 
Oct.). A quantitative hot-workability test has been 
devised to determine the effect of various elements on 
the hot-workability of steels. The following elements 
had little or no effect : Oxygen, carbon, phosphorus, 
cobalt, vanadium, and titanium. The following 
elements had a beneficial effect : Manganese, nickel, 
and chromium (above 9%). The following elements 
had a detrimental effect : Sulphur, selenium, silicon, 
nitrogen, molybdenum, columbium, lead, tin, and 
chromium (below 9%). 

Effect of Heat Treatment on the Endurance Limit of 
Alloyed Gray Cast Iron. T. E. Eagan. (American 
Foundryman, 1945, vol. 8, Dec., pp. 44-53). Tests 
were carried out to determine whether nickel- 
molybdenum cast iron could be heat-treated so as to 
obtain sufficiently high endurance limits for the 
material to be used for making crankshafts. The 
results indicated that, in general, heat-treatment to 
obtain a high tensile strength does not increase the 
endurance limit in proportion. The original as-cast 
structure has a profound influence on the endurance 
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controlled flame-cutting machine was developed for 
the mass production of breech blocks. A description 
of the machine is given. 

Cost Reduction Aspects of Flame-Cutting Operations. 
G. V. Slottman. (Machinist, 1946, vol. 89, Feb. 16, 
pp. 2392-2395). Methods of increasing production and 
decreasing costs when using multiple-burner oxy-acety- 
lene cutting machines are described and illustrated. 
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limit obtained after heat-treatment. Nickel—molyb- 
denum and nickel-chromium—molybdenum grey cast 
irons with not much free cementite present can be 
heat-treated to give an acicular structure with an 
increase in the endurance limit. 

Addition Method of Calculating Rockwell C Hardness 
of the Jominy Hardenability Test. W. Crafts and 
J. L. Lamont. (American Institute of Mining and 
Metallurgical Engineers, Technical Publication No. 
1928: Metals Technology 1945, vol. 12, Oct.). A 
method of calculating the hardness of alloy steel in 
Rockwell C units is described. A basic hardness 
number corresponding to that of a pure iron-carbon 
alloy cooled at a certain rate is taken, and to this 
increments of hardness, corresponding to the amounts 
of alloying elements present, are added. The validity 
of the calculation of the hardness was confirmed by 
data obtained on standard qualities of steel and the 
accuracy is sufficient for the method to be useful in 
predicting and controlling hardenability. 

An Appraisal of the Factor Method for Calculating 
the Hardenability of Steel from Composition. G. R. 
Brophy and A. G. Miller. (American Institute of 
Mining and Metallurgical Engineers, Technical Publi- 
cation No. 1933: Metals Technology 1946, vol. 12, 
Oct.). Grossmann’s method of calculating the har- 
denability of steel from its composition is critically 
reviewed. A number of tests are described in which 


’ the effect of nickel, manganese, chromium and molyb- 


denum on the hardenability of steel were determined, 
and the data obtained are compared with the 
hardenabilities predicted by the above method. 

Supersonic Testing in a Steel Plant. J. V. Russell 
and H. E. Pellett. (Iron Age, 1946, vol. 157, Jan. 31, 
pp. 38-43). A description is given of the Sperry 
supersonic reflectoscope for detecting flaws in billets 
and blooms up to 20 in. square. The presence and 
position of defects are determined by measuring the 
difference in the times at which reflections of waves of 
supersonic frequency transmitted from one side of the 
billet are received from the opposite surface and from 
the defect. 

The Detection of Cracks in Steel by Means of 
Supersonic Waves. C.H. Desch, D. O. Sproule, and 
W. J. Dawson. (Iron and Steel Institute, 1946, this 
Journal, Section I.). In Part I. previous methods 
of detecting flaws in steel by means of sound waves, 
especially those of high frequency, are reviewed. In 
Part IL. a description is given of an apparatus 
employing piezo-electric quartz transmitters for pro- 


METALLOGRAPHY AND CONSTITUTION, 


ducing intermittent pulses of supersonic waves, and 
receiving them on similar quartz crystals after reflec- 
tion, the reflected waves being electrically amplified 
and indicated on a cathode-ray oscilloscope. The con- 
ditions for obtaining sharp indications are discussed, 
as well as the effects of the degree of finish of the 
metallic surfaces under examination. In Part III. are 
given the results of applying the new method in works 
practice, including those obtained with large masses, 
billets, plates, castings, and welds. The conditions 
necessary for the satisfactory use of the apparatus for 
practical testing are discussed. It is maintained that 
supersonic testing should be regarded primarily as a 
new instrument of investigation, giving information 
which cannot at present be obtained by more usual 
methods. 

Supersonic Inspection. (Steel, 1945, vol. 117, Dec. 
24, pp. 94-96). A description is given of the “‘ Hyper- 
sonic Analyser ”’ for the detection of minute defects in 
steel. The instrument is capable of transmitting wave 
frequencies in the 50-1000 kilocycle range. 

Magnetic Analysis Inspection of Metals. H. L. Edsall. 
(Engineering Materials and Processing Methods, 1945, 
vol. 22, Dec., pp. 1731-1735). Examples are given of 
the application of electronics to detect defects in steel 
bars and tubes by irregularities in their magnetic 
properties. 

Sorting Metals by Tribo-Electrification. A. Dos- 
check. (Steel, 1945, vol. 117, Dec. 24, pp. 106-110). 
An electrical method of sorting metals is described. 
It is based on the measurement of the potential pro- 
duced when the specimen of unknown origin is made to 
vibrate against a reference specimen. If the specimens 
are identical no potential is produced, but if they are 
different, the millivoltage and the polarity are indica- 
tive of the differences in composition or structure. 

Fracture Phenomena in Steels at Elevated Tempera- 
tures. C. Schaub. (Jernkontorets Annaler, 1946, 
vol. 130, No. 1, pp. 1-26). (In Swedish). After 
reviewing several recent papers on creep tests, 
particularly on the types of fracture obtained in creep 
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tests, an account is given of investigations carried out 
in 1942-1944 at the Kungl. Tekn. Hégskolans institu- 
tion for hallfasthetslara in Stockholm. In order to 
obtain a complete picture of the behaviour of steel at 
high temperature the usual creep-test should be 
supplemented by impact tests after long-time an- 
nealing and by long-time tensile tests on notched 
specimens. A stable material should have no em- 
brittlement tendency and there should be no tendency 
to form cracks similar to stress-corrosion cracks. 
Tests with a 0-7%-chromium 3-25%-nickel 0-65%- 
molybdenum steel showed that, by raising the 
chromium content at the surface to about 30%, the 
life of the steel at high temperatures was increased 
and there was no tendency to crack formation. 
Graphitization of Carbon—Molybdenum Steel in High- 


Temperature Steam Piping. G.A.Timmons. (Ameri- 
can Society of Mechanical Engineers: Welding 
Journal, 1946, vol. 25, Jan., pp. 1-S-6-S). Graphitiza- 


tion of carbon-molybdenum steel tubes in high- 
temperature steam installations is considered from 
the viewpoints of thermodynamic stability and rates 
of reaction. Cementite is not stable below 1490° F. 
but graphite is, so that graphitization may be expected 
whenever cementite is present in a steel placed in 
service at 850-1000° F. Factors which accelerate 
graphite nucleation lengthen service life. By re- 
stricting the carbon content to less than 0-:06% and 
providing alloying elements to give adequate creep 
strength it should be possible to produce steel suitable 
for high-temperature steel tubes. A complex carbide 
(FeMo).,C, may be produced in a low-carbon 0-50%- 
molybdenum steel by the isothermal transformation of 
austenite at 1300° F. Some creep-test data for iron 
alloys containing 0-50°% of molybdenum and less than 
0-05°% of carbon are presented. 

Opinions on Graphitization. L. Crome. (Foundry, 
1945, vol. 73, Dec., pp. 102-103, 248-258). The 
mechanism of the formation and growth of graphite 
in cast iron and of the solution of graphite in white 
iron is explained and discussed. 
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The Upright Type of Microscope in Metallography. 
J. R. Vilella. (Metal Progress, 1946, vol. 49, Jan., 
pp. 113-116). The merits of the inverted and upright 
types of microscope are discussed and micrographs of 
the same area of metallographic specimens taken with 
both types of instrument are compared. 

A New Etching Reagent for the Detection of Oxygen 
Segregationsin Steel. L.Fine. (Metal Progress, 1946, 
vol. 49, Jan., pp. 108-112). Details are given of the 
preparation of an alkaline chromate etching solution 
and examples are cited illustrating its successful use 
to detect and study segregated oxides in steel. 

Grain Boundaries. R.C. Bernhoeft. (Metallurgia, 
1946, vol. 33, Jan., pp. 117-120). The theories 
relating to grains and grain boundaries in the structure 
of metals, which have appeared in the literature since 
1929 are reviewed and discussed. 


Solid Solutions—Classification of the Solubilities of 
Elements in Iron. I. I. Kornilov. (Iron and Steel, 
1946, vol. 19, Feb., pp. 52-56). This is a translation 
of a Russian paper which appeared in Izvestia 
Akademii Nauk S.S.S.R. The author studies the 
solubilities of elements in iron in the solid state from 
the point of view of Hume-Rothery’s size-factor 
theory. He reviews the available information and 
shows that the size factor alone is adequate to account 
for the experimental results except in the case of 
cerium and certain elements of the B sub-groups of 
the fourth and fifth periods of the periodic system. 

The Phase Changes of SAE 2345 Steel. A. Dubé and 
R. L. Cunningham. (Transactions of the Canadian 
Institute of Mining and Metallurgy, 1946, vol. 49, 
pp. 1-16). The mechanical properties of steel S.A.E. 
2345 (a 3-5%-nickel steel) after quenching and 
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tempering at 1050°, 1150°, 1200°, and 1225° F. were 
studied. A hardening and embrittling effect on the 
steel was noted when the steel was tempered at tempera- 
tures higher than 1150° F. On holding the steel at 
temperatures somewhat below the Ac, point (1275° F,), 


CORROSION OF IRON AND 


STEEL: ANALYSIS. 


as determined with a dilatometer, there was a decrease 
in the intensity of magnetization as well as in specific 
volume. X-ray diffraction technique revealed that the 
phase formed on holding at 1240° F. was austenite, and 
this austenite had a sluggish transformation behaviour. 
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Developments in Corrosion Studies and Corrosion 
Control. H.M. Olson. (Iron and Steel Engineer, 1946, 
vol. 23, Jan., pp. 80-95). A review of the literature 
from 1935 to 1945 on corrosion studies is presented. 

Some Notes on Corrosion in Cast-Iron Sectional 
Boilers. E. R. Walter. (Journal of the Institution 
of Heating and Ventilating Engineers, 1946, vol. 13, 
Jan.—Feb., pp. 285-292). The causes of the corrosion 
of low-pressure cast-iron sectional boilers are examined 
and suggestions for its prevention are made. To 
prevent the steam in the products of combustion from 
condensing, all parts of the heating surface must be 
maintained at a temperature above the dew-point. 
The return-water temperature should be raised by 
by-passing a portion of the hot outlet water into the 
return manifold. 

Stress Corrosion Cracking of Mild Steel. Part II. 
The Accelerated-Precipitation Theory of Stress Corro- 
sion. J.T. Waber and H. J. McDonald. (Corrosion 
and Material Protection, 1945, vol. 2, Dec., pp. 13-16). 
A general theory of stress corrosion has been developed. 
Contrary to previous conceptions the present theory 
states that the direction of crack growth depends upon 
the localized electrochemical condition which has been 
induced by the applied and residual forces. 

Stress Corrosion Cracking of Mild Steel. Part III. 
Methods of Testing the Accelerated-Precipitation 
Theory. J. T. Waber, H. J. McDonald and B. 
Longtin. (Corrosion and Material Protection, 1946, 
vol. 3, Jan., pp. 13-19). The conditions which an 
alloy must satisfy in order to be susceptible to stress 
corrosion are set forth. These include that the alloy 
must be capable of strain-ageing and that one of the 
precipitated phases is anodic to the parent phase, the 


latter not being severely attacked by the corrosive 
environment. It is shown from thermodynamic 
considerations that Fe,N is anodic to steel and can 
form Fe(OH), rather than Fe,Q,. 

Reaction Rate of Hydrogen Chloride and Sulfide with 
Steel. C. F. Prutton, D. Turnbull, and G. Dlouhy. 
(Industrial and Engineering Chemistry, Industrial 
Edition, 1945, vol. 37, Nov., pp. 1092-1097). In 
investigations of the possible corrosive action of 
extreme pressure lubricants on gear teeth the rate of 
attack on iron and steel by hydrogen chloride, hydro- 
gen sulphide, and mixtures of the two were carried 
out. At a pressure of 1 atm. the amount of reaction, 
y, of iron with hydrogen sulphide may be represented 
as a function of time, t, by the equation y? = Kt + A, 
where K is a constant depending upon temperature 
and pressure, and A is a constant which may be zero 
or have a positive value depending on the type of iron. 
Hydrogen chloride reacts much less rapidly with iron 
and steel than hydrogen sulphide. When a 1 to 1 
mixture of the two reacts with steel, the rate of 
formation of iron chloride is about the same as when 
hydrogen sulphide is absent. 

Total-Immersion Apparatus. M. Cohen. (Electro- 
chemical Society: Steel, 1946, vol. 118, Jan. 14, p. 
106; Iron and Steel, 1946, vol. 19, Feb., pp. 75-76). 
A description is given of an apparatus for making 
total-immersion corrosion tests in which the specimen 
is held in a glass tube connected by rubber tubing to 
two graduated flasks. One flask is kept stationary 
and the other is moved up and down by a motor- . 
driven mechanism, thus causing the water, or other 
corroding medium, to flow backwards and forwards 
over the surface of the specimen. 
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Iron and Steel Analysis. E. C. Pigott. (Iron and 
Steel, 1945, vol. 18, Dec., pp. 641-645 ; 1946, vol. 19, 
Jan., pp. 7-12; Feb., pp. 61-62). Details are given 
of methods recommended by the author for deter- 
mining the following elements in iron and steel: 
Aluminium, carbon, chromium, cobalt, copper, lead, 
manganese, molybdenum, nickel, phosphorus, silicon, 
sulphur and zirconium. 

A Photoelectric Recording Polarograph. LL. Lykken, 
D. J. Pompeo, and J. R. Weaver. (Industrial and 
Engineering Chemistry, Analytical Edition, 1945, 
vol. 17, Nov., pp. 724-728). The apparatus described 
is a convenient photo-electric recording polarograph 


for accurate analytical work; the polarograms are 
automatically traced on a moving chart in plain view 
of the operator. 

Photoelectric Type Portable Photometers. (British 
Standards Institution, 1945, No. 667). This specifica- 
tion covers the requirements for portable photo- 
electric photometers in which the test surface em- 
bodies a rectifier photo-electric cell. 

Evaluation of Spectrographic Analytical Data. H. V. 
Churchill and J. R. Churchill. (Industrial and 
Engineering Chemistry, Analytical Edition, 1945, 
vol. 17, Dec., pp. 751-754). The statistical treat- 
ment of data obtained by spectrographic analyses is 
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discussed. The magnitude of the standard deviations 
is in general no higher than would be expected had the 
comparisons been made among chemical analyses 
carried out by different routine analysts. 
Semi-automatic Spectrographic Analysis. R. H. 
Zachariason. (Industrial and Engineering Chemistry, 
Analytical Edition, 1945, vol. 17, Dec., pp. 749-750). 
Semi-automatic devices are described which simplify 
spectrographic analyses by reducing considerably the 
time required for changing the plate after each 
exposure, focusing the electrodes, controlling the 
exposure, and changing the electrodes. 
Spectrographic Analysis. J. Convey and L. G. 
Young. (Journal of the Birmingham Metallurgical 
Society, 1945, vol. 25, Sept., pp. 168-189). Current 
literature indicates that instability of the source of 
light and insufficient reproducibility of spectral 
excitation used by different experimenters are the 
main difficulties which to-day retard the development 
of applied spectrography. In this paper spectro- 
graphic excitation sources are discussed and methods 
of stabilizing spectral emission are described. 
Spectrochemical Determination of Small Amounts of 
Aluminium in Steel. R. Spiers, P. Fischer, and K. L. 
Proctor. (Industrial and Engineering Chemistry, 
Analytical Edition, 1945, vol. 17, Dec., pp. 772-774). 
A spectrochemical method is described for the deter- 
mination of aluminium in steel samples weighing from 
0-020 to 0-500 g. Colorimetric procedures proved to 
be unsuitable because of the presence of interfering 
ions. In the method developed, a mercury cathode 
separation is employed and one drop of the aluminium 
solution, prepared by the chemical procedure des- 
cribed, is placed on each of the flat-topped carbon 
electrodes which are sparked for 75 sec. immediately 
after the solution has been absorbed. 
Spectrophotometric Determination of Titanium in 
Steels. A. Weissler. (Industrial and Engineering 
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Chemistry, Analytical Edition, 1945, vol. 17, Dec., 
pp. 775-777). Absorption spectra have been deter- 
mined for the hydrogen-peroxide complexes of titanium 
and vanadium in the presence of 1 g. of iron, in 
perchloric-phosphoric acid solution. ‘These spectra 
furnish the basis for improved rapid and accurate 
methods for the determination of from 0:5 to 6 mg. of 
titanium in iron, steel, vanadium steel, and stainless 
steel, without separating the titanium or using - 
hydrofluoric acid. 

Rapid Method for Determination of Copper in Steel. 
F. B. Clardy, J. C. Edwards, and J. L. Leavitt. 
(Industrial and Engineering Chemistry, Analytical 
Edition, 1945, vol. 17, Dec., pp. 791-792). A method 
is described for the rapid and accurate determination 
of copper in plain and alloy steels for foundry control. 
The total time required is approximately 15 min. 

The Spectrochemical Determination of Metallic 
Impurities in Steel. C. G. Carlsson. (Iron and Steel 
Institute, 1946, Translation Series, No. 267). An 
English translation is presented of a paper which 
appeared in Jernkontorets Annaler, 1945, vol. 129, 
No. 5, pp. 193-241 (see Journ. I. and 8.I., 1945, No. 
Lisipelble). 

Polarographic Determination of Nickel in Steel and 
Nickel Ore. P.W. West and J. F. Dean. (Industrial 
and Engineering Chemistry, Analytical Edition, 1945, 
vol. 17, Nov., pp. 686-688). A rapid and accurate 
method for determining nickel in steel and in nickel 
ores, based on the use of the polarograph with 
sodium fluoride as the supporting electrolyte, is 
described. 

Determination of Nitrogen by Combustion. H. 
Gonick, D. D. Tunnicliff, E. D. Peters, L. Lykken, 
and V.Zahn. (Industrial and Engineering Chemistry, 
Analytical Edition, 1945, vol. 17, Nov., pp. 677-682). 
Improved apparatus and procedure are described for 
determining nitrogen by Dumas’ combustion method. 
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Harvey, H. W. ‘“‘ Recent Advances in the Chemis- 
iry and Biology of Sea Water.” 8vo, pp. viii + 164. 
Cambridge, 1945: University Press. (Price 10s. 6d.) 


A summary of the large amount of important work that 
has been done in recent years on the relation of plant and 
animal life in the sea to the chemical constituents of sea 
water. Much of this work has been carried out by Dr. 
Harvey himself and other members of the staff of the 
Marine Biological Laboratory at Plymouth. 


Manreaty, C.L.andC. Harpy. “Calcium Metallurgy 
and Technology.” 8vo., pp. 145. Illustrated. 
New York, 1945: Reinhold Publishing Corporation. 
(Price 20s.) 

A survey of available information on the properties, pro- 
duction and uses of calcium, and the constitution of the 
alloy systems. 
in ferrous metallurgy. 


Put, E. “ Boiler House Practice.” Second Kdition- 


A chapter is devoted to the use of calcium — 


Sm. 8vo., pp. vi-+ 282. London, 1945: The 


Technical Press Ltd. (Price 10s. 6d.) 


This book is intended as a guide to the selection, main- 
tenance and operation of industrial steam generators and 
their auxiliary equipment. It also deals in a practical 

‘ manner with problems relating to the efficiency of such 
plants. 


TIBBENHAM, L. ‘“‘ The Welding of Cast Iron by 
the Oxy-Acetylene Process.” 2nd Edition. Sm. 
8vo., pp. viii + 120. Illustrated. London, 1945: 
Sir Isaac Pitman and Sons Ltd. (Price 7s. 6d.) 


This book deals in a practical way with every detail of 
the process of the oxy-acetylene welding of castiron. Such 
subjects as gases employed, varieties of generator plants, 
composition of welding rods and fluxes, vital facts in the 
metallurgy of cast iron relating to welding, and methods of 
pre-heating are dealt with. The new process of low- 
temperature welding of cast iron is explained as well as 
bronze welding and its many uses. 
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Kent Coalfield, Regional Survey Report. (Ministry 
of Fuel and Power, 1945: H.M. Stationery Office). 

North Eastern Coalfield, Regional Survey Report. 
(Ministry of Fuel and Power, 1945: H.M. Stationery 
Office). 

North Western Coalfields, Regional Survey Report. 
(Ministry of Fuel and Power, 1945: H.M. Stationery 
Office). 

North Midland Coalfield, Regional Survey Report. 
(Ministry of Fuel and Power, 1945: H.M. Stationery 
Office). 

The Coalfields of the Midland Region, Regional 
Survey Report. (Ministry of Fuel and Power, 1945: 
H.M. Stationery Office). 

Northumberland and Cumberland Coalfields, Re- 
gional Survey Report. (Ministry of Fuel and Power, 
1945: H.M. Stationery Office). 

New Canadian Ore Deposit Has High Iron Content. 
(Steel, 1946, vol. 118, Feb. 25, p. 102). Brief geo- 
logical details are given of a bed of hematite which has 
recently been discovered in the Algoma mining area 
to the north of Lake Huron. The ore contains about 
65% of iron. 

The Australian Iron and Steel Ltd. Iron Ore 
Undertaking at Cockatoo Island, Yampi Sound. 
(B.H.P. Review, 1945, vol. 23, Dec., pp. 1-3). Parti- 
culars are given of the discovery, geology, and present 
state of development of the iron-ore body on Cockatoo 
Island on the north-western coast of Western Austra- 
lia. The ore is a high-grade hematite with 69% of 
iron. Contracts have been placed for diesel-electric 
power plant, electric shovels, conveyors, and quayside 


equipment. Living-quarters and buildings for the 
machinery are already being erected on the island. 

Nigeria—Geology and Mineral Resources. I’. Dixey. 
(Bulletin of the Imperial Institute, 1945, vol. 43, 
Oct.-Dec., pp. 300-311). A short account of the 
geology and mineral resources of Nigeria is given. 

The Formation of Pyritiferous Iron Ores by Addition 
of Sulphur, and the Nature of Magnetic Pyrites. G. T. 
Lindroth. (Jernkontorets Annaler, 1946, vol. 130, 
No. 2, pp. 27-75). (In Swedish). This is the first 
part of a report on an investigation made in order to 
study the possibility of removing pyrites, especially 
magnetic pyrites, from concentrates of pyritiferous 
iron ores from the leptite system of central Sweden. 
The geology and crystallographic structure of the ores 
are dealt with in detail. An outline of the course of 
the reactions, probably complicated and little known, 
by which the sulphides were formed is given. They 
were probably formed by the addition of sulphur from 
the action of H,S under high pressure. 

French North Africa. A. H.Steedman, D. Gill, and 
A. Choubersky. (Ministry of Supply, Report of 
Minerals Division, British Economic Mission, Sept., 
1945). This Report is presented by the Minerals 
Division of the British Economic Mission in Algiers. 
It contains information and views gained during a 
period of nearly three years’ intensive work in North 
Africa when large quantities of phosphates and iron 
were purchased for shipment to the United Kingdom 
and the condition of the mines, transport facilities, and 
shipping ports of Algeria, Morocco, and Tunisia were 
investigated. 
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An Electrical Analogue of the Flow of Heat in a 
Regenerator System. K. Heindlhofer and B. M. 
Larsen. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 1798 : 
Preprint Feb., 1945). A description is given of a 
relatively simple electrical apparatus which, through 
the close analogy between the flow of heat and of 
electricity, enables many complex problems of heat 
flow to be solved quickly and with satisfactory 
accuracy. Its application to solve problems relating 
to the design of regenerators is discussed. 

The Moisture Sorption of Coals and Its Relation to 
Their Coking Quality. (Fuel in Science and Practice, 
1946, vol. 25, Mar.-Apr., pp. 42-50). The results of 
experiments on the “sorptive” power of coal are 
related to its rank and swelling power. 
diminution of sorptive qualities with advancing coali- 
fication may well result from the gradual reduction 
in number and size of the capillaries inherent in the 
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raw material. The relation of the sorptive power of 
cokes to that of the parent coal is such that the hypo- 
thesis of a capillary structure affords a simple and 
logical picture. 

Dual System for Cleaning Blast Furnace Gas. (Steel, 
1946, vol. 118, Jan. 28, pp. 144-146). A brief descrip- 
tion is given of the Dovel plant for cleaning blast- 
furnace gas ; it is a combination of dry and wet methods. 

Some Characteristics of Blast Furnace Gas. O. R. 
Rice. (Iron and Steel Engineer, 1946, vol. 23, Feb., 
pp. 67-80). Factors affecting and affected by the 
quantity, calorific value, and chemical analysis of 
blast-furnace gas are outlined and discussed, special 
reference being made to the hydrogen content and to 
the reliable determination of the moisture in the gas. 
Extensive data are presented, and basic figures used 
by the author in calculations relating to the produc- 
tion, condition, and combustion of blast-furnace gas 
are given. 
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Conservation of Fuel Oil. C. R. Miller. (Iron and 
Steel Engineer, 1946, vol. 23, Jan., pp. 115-117). A 
general discussion of the use of fuel oil and methods of 
conserving it in industry, with data on the consump- 
tion in the United States, is presented. 

A Heat-Flow Meter for Use in Furnaces. R. H. 
Baulk and M. W. Thring. (Iron and Steel Institute, 
1946, this Journal, Section I.). The first step 
towards improving the flow of heat to the charge in 
melting furnaces is to develop an instrument to 
measure the value of the heat flow at any point in the 
furnace under the varying conditions of operation. 
In particular, it was desired to be able to measure the 
heat transfer by radiation and convection from the 
flame to the charge and to the furnace walls. 

The work on such an instrument has reached a stage 


FOUNDRY PRACTICE. TZ A 


where a practical research tool has been evolved and 
used to compare the heating power of different flames, 
to examine the effect of flame thickness upon the heat 
flow from the flame, and to compare the heat flow at 
different points along and across the flame. It has 
shown, for example, that measurement of the down- 
ward heat flow below the flame at its two ends gives 
a valuable quantitative measure of the effective flame 
length; in the case of very slow combustion the 
downward heat flow at the outgoing end is greater 
than at the ingoing end. It has also been shown that 
the heat-absorbing area of the surface of the charge is 
not very fully utilized either in the steel furnace or in 
the glass tank, the former because the flame does not 
cover the whole area and the latter because the cold 
batch is not spread out. 
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Blast Furnace Operation under Elevated Top Pres- 
sure. F. Janecek. (Iron and Steel Engineer, 1946, 
vol. 23, Feb., pp. 88-94, 101). The structural altera- 
tions which were made to a blast-furnace with hearth 
27 ft. in dia., bosh 30 ft. in dia., and a volume of 
46,230 cu. ft. above the tuyeres, to make it suitable for 
operating at an increased top pressure of 10 lb./sq.in. 
are described, and the experience gained when work- 
ing at this pressure is discussed. 

Blast-Furnace Theory. I. Reduction and Car- 
burisation of Iron in the Solid State and Carbon 
Deposition. II. Combustion of Coal in the Hearth. 
Itl. Behaviour of Silicon and Manganese—Physical 
Principles. IV. Thermal Principles of the Blast- 
Furnace. F. Mobey. (Iron and Steel, 1945, vol. 18, 
Nov., pp. 481-486 ; Dec., pp. 629-633 ; 1946, vol. 19, 
Jan., pp. 3-6; Feb., pp. 47-51). In this series of 
articles the author summarizes some of the con- 
clusions reached by a number of investigators of the 
blast-furnace process. 

Mechanizing the Plugging of Blast-Furnace Tap- 
holes. O. Backlund and R. Grundén. (Jernkon- 
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torets Annaler, 1946, vol. 130, No. 2, pp. 76-78). 
(In Swedish). The advantages of installing a 
clay gun for plugging blast-furnace tapholes are 
discussed. An increase of about 10% in the pro- 
duction of iron at the Herrang blast-furnaces with 
a decrease of 0-5°% in the coke consumption was 
achieved. , 

Drains 640-Ton Salamander from Stack in an Hour. 
(Steel, 1946, vol. 118, Feb. 11, pp. 114-116). A 
description is given of the technique adopted to 
remove furnace bear from a blast-furnace at Indiana 
Harbor in 1942. <A hole 8 ft. high, 6 ft. wide, and 
9 ft. towards the back of the furnace was made in the 
foundation. Two holes 3 in. in dia. and 7 ft. deep 
were made from the back of the first excavation. 
These holes acted as guides for the oxygen lance. 
A 1-in. dia. line was run from a source of oxygen supply 
300 ft. away; this was reduced to 3 in. in dia. and 
135 ft. of 4-in. tubing was used in lancing the hole to 
the still molten bear. In 1 hr. 640 tons of iron were 
drained off and cast into 2-ton pigs in a previously 
prepared sand pit. 
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Organization of the Foundry Industry in France. 
V. Delport. (Foundry, 1946, vol. 74, Feb., pp. 113, 
226-228). The present organization of the French 
foundry industry and the functions of the Office 
Professionnel de la Fonderie, the Centre Technique 
des Industries de la Fonderie, and the Association 
Technique de Fonderie are explained. 

Foundry Uses Cupola and Direct Metal. P. Dwyer. 
(Foundry, 1946, vol. 74, Feb., pp. 104-107, 234-236). 
An illustrated account is given of the moulding and 
casting technique employed for making an engine-bed 
casting of grey iron, 26 ft. long x 11 ft. wide x 8 ft. 
high, weighing 100 tons. 

Weather Affects Chill Depth. EH. Wisbrun. 
(Foundry, 1946, vol. 74, Feb., pp. 109, 174-176). 


The effect of weather conditions on the casting pro- 
perties of iron is discussed. It was noted that whilst 
the depth of chill was practically unaltered by a slight 
fall of snow at above freezing point on the raw 
materials, a heavy fall of snow at low temperatures 
considerably increased the depth of chill. The 
fluidity of the iron remained the same in both cases. 

Controlling Gray Iron Quality. J. E. Linabury. 
(Gray Iron Founders’ Society: Foundry, 1946, vol. 
74, Feb., pp. 90, 250-254). ‘The factors contributing 
to the production of good castings in grey iron are 
examined and recommendations for the control of 
quality are made. 

Some Initial Results on 
as a Chill-Inducing Medium in Cast Iron. 


the Influence of Tellurium 
(Institute of 
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British Foundrymen, 1946, vol. 78, Mar. 14, pp. 283-— 
287). Four methods of adding tellurium to cast iron 
were tested and the factors governing the depth of 
chill were investigated. Direct additions to the ladle 
were unsatisfactory, but enclosing the tellurium pow- 
der in copper foil or copper tubes and putting these in 
the cold Jadle before tapping proved to be effective. 
With the powder in suspension in a mould-wash 
excellent control was obtained, as the wash could be 
applied to faces where no machining of the casting was 
necessary. Tellurium powder can also be mixed with 
the facing sand—a procedure which is useful for 
inaccessible parts of the mould where the wash cannot 
readily be applied. 

Melting and Casting. E. F. Cone. (Materials and 
Methods, 1946, vol. 23, Jan., pp. 110-114). Develop- 
ments in steelmaking and in processes of casting iron 
and steel in the United States during 1945 are re- 
viewed. Successful results have been obtained with 
the all-basic open-hearth furnace. The trend towards 
the partial or complete mechanization of iron foundries 
is noted, and the application of centrifugal casting to 
peace-time requirements is studied. 

The Age of Green and Dry Sand Molding. J. EH. 
Hurst. (Foundry, 1946, vol. 74, Feb., pp. 97, 208- 
210). The history of sand moulding in Great Britain 
is outlined. It is known that open sand moulding was 
practised in Sussex in 1547. Closed sand moulds 
began to be used in the early part of the eighteenth 
century. 

Mold Cavity Variation. R.Cleland,jun. (Foundry, 
1946, vol. 74, Feb., pp. 91, 220-222). Factors affect- 
ing the size of the mould cavity and the extent to 
which it is filled by the metal are discussed. The 
factors dealt with are the ingredients of the moulding 
material, namely, moisture, fine sand, cornflour, pitch, 
sea coal, and clay. 

Some Aspects of Green Deformation and Sand 
Toughness in Sand Control. W.G. Parker. (Ameri- 
can Foundryman, 1946, vol. 9, Jan., pp. 50-54). 
Equipment for measuring the deformation and com- 
pressive strength of green sand by American Foundry- 
men’s Association methods is described. When the 
deformation in thousandths of an inch on 2 in. is 
multiplied by the green compressive strength and the 
product is multiplied by 1000, the final product is 
taken as a measure of the toughness of the sand. 
With increasing toughness number there is usually a 
decrease in permeability. 

Effect of Table Rise (Strain Rate) on Hot Strength of 
Bentonite Bonded Sands. H.W. Dietert. (American 
Foundryman, 1946, vol. 9, Jan., pp. 78-79). In 
order to obtain reproducible results in hot compressive 
tests on foundry sands, it is necessary that the strain 
rate should be specified. ‘Tests showing the effect of 
different strain rates on the hot strength are discussed, 
and the rate of 1 in./min. is advocated. 

Using Synthetic Resin Core Binders. H. L. Geb- 
hardt. (Foundry, 1946, vol. 74, Feb., pp. 111-112, 
198-206). The preparation of cores with synthetic- 
resin binders is discussed with data on the baking and 
properties of cores with the ingredients mixed in 
different proportions. 

Pattern and Allied Equipment. W. E. Tharp. 
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(American Foundryman, 1946, vol. 9, Jan., pp. 30- 
37). Recommendations on the design of patterns and 
on the interchangeability of patterns and other 
equipment are made. 

Some Pattern Shop Methods and Their Advantages 
to the Foundry. H.W.Turner. (Institute of British 
Foundrymen: Foundry Trade Journal, 1946, vol. 78, 
Mar. 21, pp. 315-320). The preparation of patterns 
and the fixing of cores for small intricate castings are 
described. 

Sand Mold Drying with Propane-Gas Torches. 
F. C. Rogers. (American Foundryman, 1946, vol. 9, 
Jan., pp. 76-77). A description is given of a propane 
torch which was designed for drying the surface of 
moulds. The torch uses compressed air at 90-105 lb./ 
sq.in. and propane to 15—20 lb./sq.in. 

Moulded Pattern Plates. J. Timbrell. (Foundry 
Trade Journal, 1946, vol. 78, Mar. 14, pp. 289-290). 
A method of making a moulded pattern plate with one 
master pattern and a plaster transfer block for casting 
a number of identical objects is described. 

Casting Tuyeres in the Bethlehem Foundry. P. 
Dwyer. (Foundry, 1945, vol. 73, Dec., pp. 110-113, 
234-236). 

Employs Simple Rig for Making Blast Furnace 
Tuyeres. P. Dwyer. (Steel, 1946, vol. 118, Feb. 4, 
pp. 138-143). The technique developed by the 
Bethlehem Steel Company for casting bronze blast- 
furnace tuyeres is described and illustrated. 

How to Cast Ingot Molds. P. Dwyer. (Foundry, 
1946, vol. 74, Feb., pp. 158, 160). The technique for 
making a mould to cast ingot moulds for steel ingots 
measuring 3$ <x 34 in. from 24 to 42 in. long is 
described. 

Duplex Pump Castings. R. H. Brown. (Institute 
of British Foundrymen: Foundry Trade Journal, 
1946, vol. 78, Feb. 28, pp. 223-233). Descriptions are 
given of the melting and moulding equipment and the 
moulding and casting technique at a jobbing foundry 
producing pump castings in iron and bronze. 

Moulding Large Meehanite Crankshafts. G. John- 
stone. (Foundry Trade Journal, 1946, vol. 78, 
Mar. 7, pp. 261-264). The following methods of 
casting large crankshafts in Meehanite cast iron are 
described and discussed: (1) Vertical pouring and 
vertical cooling; (2) horizontal pouring and vertical 
cooling; and (3) horizontal pouring and horizontal 
cooling. 

Precision Casting Practice. (Steel, 1946, vol. 118, 
Jan. 28, pp. 116-118, 150-156; Feb. 4, pp. 129, 
166-170). A detailed description of the “lost wax ”’ 
process of making small and intricate castings of great 
accuracy in ferrous and non-ferrous metals is described 
(see Journ. I. and S.I., 1944, No. II., p. 39 a). 

Shakeout Handles Large Castings. J. L. Yates. 
(Foundry, 1946, vol. 74, Feb., pp. 102-103, 166). An 
illustrated description is given of a large shake-out 
machine at an American foundry ; it has a vibrating 
table with an area of 396 sq. ft., and it can deal with 
flasks weighing up to 75 tons. 

_ Sealing Porous Castings. P.S. Fuller. (Engineer- 
ing Materials and Processing Methods, 1945, vol. 22, 
Dec., pp. 1746-1750). A method of sealing micro- 
pores in castings is described. It consists of im- 
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pregnating the casting with a thermosetting plastic 
called “‘ Laminac.”’ 

Cleanliness and Safety in the Foundry. J. Thomson. 
(Safety Engineering: American Foundryman, 1946, 
vol. 9, Jan., pp. 48-49). A powerful vacuum-cleaning 
unit for cleaning castings at a Chicago foundry is 
described and illustrated. 
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Foundry Ventilation. J. M. Kane. (Foundry, 
1946, vol. 74, Feb., pp. 86-88, 228-233; Mar., pp. 
104-108, 144-150). The problem involved in the 
removal of excessive heat, dust, smoke, and fumes 
from the foundry is analysed and ventilating equip- 
ment to meet various conditions is described and 
illustrated. 
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Restoration of Steel Plant in Southern U.S.S.R. I. 
Andronoy. (Metallurgia, 1946, vol. 33, Feb., p. 188). 
An account is given of some of the rebuilding and 
repair work which has been completed at iron and 
steel works in the U.S.S.R. In the Stalino region 9 
blast-furnaces, 18 open-hearth furnaces, 47 batteries 
of coke-ovens, and 3 Bessemer converters have been 
restored. 

British Steel—Today and Tomorrow. E. N. Simons. 
(Iron and Steel Engineer, 1946, vol. 23, Feb., pp. 
64-66). War-time problems in steel-making which 
have been overcome in Great Britain and some new 
processes which have been developed are reviewed. 
One of the latter is a method of slag control which 
embodies the charging of lime in furnaces using high 
percentages of molten phosphoric iron. 

Statistical Information. (Jernkontorets Annaler, 
1946, vol. 130, No. 2, pp. 81-88). (In Swedish). At 
a recent meeting of the Jarnverksforening (Swedish 
Tronworks Association) a report was presented on the 
production, imports, and exports relating to the 
Swedish iron and steel industry. In this paper 
thirteen tables from the report are reproduced with 
notes on the present position of the industry. 

Open Hearth Charge Ores. C. Denlinger. (Year- 
book of the American Iron and Steel Institute, 1945, 
pp. 20-28). Seep. 44. 

Acid Open-Hearth Steel Making. F. S. Perry. 
(Sheffield Trades Technical Societies: Man and 
Metal, 1946, vol. 23, Mar., pp. 28-29; Apr., pp. 
40-41). A description is given of an acid open-hearth 
steel furnace, together with a detailed account of the 
working of a heat. 

A Study of the Durability of Steelworks Ingot Moulds. 
O. Hengstenberg, K. Knehans, and N. Berndt. (Iron 
and Steel Institute, 1946, Translation Series, No. 269). 
This is an English translation of a paper published in 
Stahl und Eisen, 1941, vol. 61, May 15, pp. 489-498, 
together with the discussion to which it gave rise. 
(See Journ. I. and S8.I., 1941, No. II., p. 120 a). 

Arc Furnaces. N. F. Dufty. (Iron and Steel, 
1946, vol. 19, Mar., pp. 91-96). The design of electric 
are furnaces for steelmaking and their equipment are 
critically reviewed. Whilst modern arc furnaces are 
well designed both electrically and mechanically, it is 

_ suggested that the men operating them have received 
too little consideration. A maximum size of 30 tons 
is adhered to in Great Britain, but there appear to 
be no logical reasons why the capacity should not be 
increased as has been done in the United States. 


Modern Distribution Systems for Steel Mills. W. C. 
Bloomquist. (Iron and Steel Engineer, 1946, vol. 
23, Feb., pp. 81-84, 101). The planning of a system 
of electricity distribution in an iron and steel works to 
make provision for future expansion of the plant is 
discussed, and the system adopted in a particular 
case is described. 

The Removal of Hydrogen from Steel. J. H. 
Andrew, H. Lee, A. K. Mallik, and A. G. Quarrell. 
(Iron and Steel Institute, 1946, this Journal, Section 
I). A systematic investigation of the removal of 
hydrogen from a number of steels under isothermal 
conditions has been carried out, and it is shown that, 
for all steels, the rate of removal in the intermediate 
range is high, and that, for certain steels, there is also 
a peak on the removal curve corresponding to trans- 
formation in the pearlitic region. The law governing 
hydrogen removal in the austenitic range has been 
determined experimentally, and the empirical re- 
lationship supported by theoretical treatment. The 
effect of transformation upon the removal of hydrogen 
is illustrated, and the effect of specimen size is also 
dealt with. It is shown that small partial pressures of 
hydrogen surrounding the steel at 1100° C. exert a 
considerable retarding effect upon the removal of 
hydrogen, although, as might be expected, this effect 
becomes quite small at 650° C. 

In the presence of hydrogen, the transformation of a 
nickel-chromium-—molybdenum steel was retarded in 
the range 600-450° C., but little effect was observed 
at lower temperatures. Comparison of the rate of 
diffusion of hydrogen through similar specimens of 
different steels showed that alloying elements have 
little, if any, effect upon the diffusion constant. This 
was confirmed in the austenitic range by the results 
obtained for the law of hydrogen removal. The 
evolution of hydrogen on cooling was followed, and it 
was found that the maximum rate of evolution 
corresponded to the end of the thermal transformation. 

The mechanical properties of a large number of 
steels have been determined after treatment in hydro- 
gen and nitrogen, and it is shown that the embrittling 
effect of hydrogen is apparent in all cases where the 
hydrogen content is 1-0-3-0 c.c./100 g. 

In connection with the work on the removal of 
hydrogen, much evidence has been obtained upon the 
formation of hair-line cracks under various conditions. 
It was found that such cracks could appear in the 
absence of transformation stresses, and that these 
stresses are important mainly in that they determine 
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the particular crack distribution which results. 
Although no cases were observed of internal crack 
formation in the absence of hydrogen, certain specimens 
showed no cracks in spite of a high hydrogen content. 
The view of the hydrogen-rich constituent put forward 
in a previous paper has been modified, in that it is not 
now considered to be necessarily austenitic; it is 
realized that at the moment of crack formation the 
steel will be in an extremely brittle condition, owing 
to its hydrogen content. The exact nature of the 
hydrogen-rich constituent cannot be given, nor can a 
detailed explanation of hair-line crack formation be 
expected, until the much wider problem of low-alloy 
steels in general is more thoroughly understood. 


Steel Plant Is Serviced by Modern Water Works. 
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G. E. Stedman. (Steel, 1946, vol. 118, Feb. 25, 
pp. 116-121). A description is given of the water- 
supply service at the new steelworks at Fontana, 
California. About 24 million gal./day are supplied 
by a separate company and two 800-ft. wells have 
been constructed as a stand-by source of supply. 
A high degree of recirculation is practised owing to the 
lack of water in this district. 

Lighting Improvements for Steel Plants. D. H. 
Tuck. (Iron and Steel Engineer, 1946, vol. 23, Feb., 
pp. 95-100). Improvements in the electric lighting 
equipment for steelworks which were developed in the 
United States during the last few years are described 
and discussed. Methods of measuring lighting effi- 
ciency and analysing lighting costs are explained. 
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Some Observations on the Design of Forged Parts. 
W. Naujoks. (Steel Processing, 1946, vol. 32, Jan., 
pp. 31-34, 42). Recommendations on the design of 
forged parts are made with a view to facilitating the 
forging operations. 

Forging Die Design. J. Mueller. (Steel Processing, 
1946, vol. 32, Jan., pp. 39-42). The design of dies 
and rolls for the gap-rolling of shaped and tapering 
bars is discussed. In gap-rolling, or roll-forging, the 
die shape takes up about half of the periphery of the 
rolls, and the billet or bar to be forged is inserted in the 
gap or recess which is left in the remaining portion of 
the rolls. 

Developments in Production Forging. . Simister. 
(Metallurgia, 1946, vol. 33, Feb., pp. 173-177). 
Descriptions are given of modern drop hammers, 
counterblow hammers, press-forging machines, and 
upsetters. The type of production for which each of 
them is suitable is explained. 

Processing and Fabrication of Stainless Steel Sheet 
and Plate Products. H. S. Schaufus. (Steel Pro- 
cessing, 1946, vol. 32, Jan., pp. 48-46, 59). Data on 
the effect of different degrees of cold-rolling on the 
mechanical properties of stainless steel are presented 
and discussed, and the drawing, spinning, and bending 
of this material are considered. 

Forging and Pressforming. T. C. Du Mond. 
(Materials and Methods, 1946, vol. 23, Jan., pp. 
115-119). Advancements in the forging, press-form- 
ing, and stamping of metals in the United States 
during 1945 are reviewed. 


Statistical Quality Control of Metal Stampings. 
G. R. Armstrong. (Iron Age, 1946, vol. 157, Feb. 21, 
pp. 46-48). The use of frequency diagrams, correla- 
tion charts, and control charts for the statistical 
control of the quality of metal stampings is ex- 
plained. 

The Witter Process for the Manufacture of Shell 
Forgings and the Spinning Process for the Manufacture 
of Bombs. J. L. Johnson. (Yearbook of the 
American Iron and Steel Institute, 1945, pp. 29-50). 
A description is given of the Witter cross-roll process 
of manufacturing closed-end shell forgings to the 
required length and thickness from a pierced blank ; 
the cavity is so accurately finished that no machining 
is required. Details of a spinning process for making 
bombs are also given. In this case the only machining 
required is that for making the screwthreads on the 
nose and tail, 

Difficulties and Developments in Deep Drawing and 
Pressing. J.D. Jevons. (Journal of the Institution 
of Production Engineers, 1946, vol. 25, Mar., pp. 67-— 
103). The causes of “ears,” strain-age-embrittle- 
ment, stretcher-strain markings, and critical strain 
crystal growth in deep-drawing and pressing, and 
methods of dealing with these difficulties are dis- 
cussed. 

Wax Drawing Compound. KE. A. Bunting. (Steel, 
1946, vol. 118, Feb. 11, pp. 88-89, 138). Details are 
given of the advantages of using a wax compound 
as a lubricant for deep-drawing steel, stainless steel, 
aluminium, and brass. 
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Rolling, Wire Drawing, Extruding. H. A. Knight. 
(Materials and Methods, 1946, vol. 23, Jan., pp. 
120-122). The improvements in rolling, wire-draw- 
ing, and extruding process which were made known 
in the United States during 1945 are briefly reviewed. 
Roller bearings are tending to displace sleeve bearings 


in rolling-mills. The Krause and Uni-Temper types 
of mill are described. 

Report on die Staatliche Materialpriifungsanstalt 
an der technische Hochschule at Cannstatterstr. 212, 
Stuttgart, Germany. (Combined Intelligence Objec- 
tives Sub-Committee, File No. XXV-24, 1945: H.M. 
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Stationery Office). A report is presented on work 
being done at the above Institute on addition agents 
a subriqants for the purpose of increasing bearing 
oads. 

Industrial Grease Application. J. R. LeVally. 
(Iron and Steel Engineer, 1946, vol. 23, Feb., pp. 85- 
87). Modern grease guns, pumps and connectors for 
high-pressure lubrication systems are described and 
illustrated. 

Light Steel Building Products. (Combined Intelli- 
gence Objectives Sub-Committee, File No. XX VI-22, 
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1945: H.M. Stationery Office). An account is given 
of the position reached in Germany in the manufacture 
of steel windows and doors, with details of the light 
sections which are rolled. 

Metallurgical High Lights in the Recent Manufac- 
ture of Rolled Steel Plates and Sheets in Germany. 
(Combined Intelligence Objectives Sub-Committee, 
File No. XXVII-29, 1945: H.M. Stationery Office). 
Important changes which were made during the war 
in the manufacture of rolled steel plates and sheets in 
Germany are reviewed. 
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Calibration of Pit Furnaces for Airplane Propellers. 
C. A. Liedholm. (Metal Progress, 1946, vol. 49, Feb., 
pp. 361-368). A detailed description is given of two 
experimental heat-treatment furnaces which were 
designed for obtaining data to establish heat-treating 
specifications for hollow steel propeller blades for 
aircraft. The furnaces consist of refractory lined pits 
about 18 ft. deep. There are two interchangeable 
metal retorts for the high-temperature hardening 
furnace, and three interchangeable retorts for the low- 
temperature stress-relieving furnace. All the retorts 
are about 3 ft. 6 in. in dia., and they vary in length 
up to 14 ft. 6 in. to suit the size of the blades. The 
furnaces are heated by banks of resistance heaters 
in the brickwork. Equipment for the production of 
carburizing and protective atmospheres is available. 
Reports on the test runs with temperature, time, and 
hardness data are presented. 

Heat Treating and Heating. T. C. Du Mond. 
(Materials and Methods, 1946, vol. 23, Jan., pp. 
130-134). Achievements in the fields of heat-treating, 
hardening, and quenching in the United States during 
1945 are reviewed. 

How Heat-Treatment Affects High-Strength Irons. 
C. R. Austin. (Machinist, 1946, vol. 89, Feb. 2, pp. 
2326-2328 ; Feb. 16, pp. 2404-2405). The following 
heat-treatments applicable to Meehanite cast iron are 
described : (1) Annealing for stress relief; (2) anneal- 
ing for improved machinability ; (3) quenching for 
hardness ; (4) interrupted quenching ; (5) martemper- 
ing; (6) spheroidizing ; (7) flame-hardening. 

A Theory of the Mechanics of Carburization. C. R. 
McCloskey and J. H. Loux. (Steel Processing, 1946, 
vol. 32, Jan., pp. 53-56). The theory that carburiza- 
tion will not take place without carbon dioxide and/or 
water vapour being present is advanced, and evidence 


in support of it is put forward. When small controlled 
amounts of these oxidizing agents are present in the 
carburizing medium they oxidize the surface of the 
work; the oxides are immediately reduced by the 
overwhelming reducing potential and are activated so 
that they act as a catalyst in dissociating the carbon 
monoxide into carbon and carbon dioxide. The 
nascent carbon is absorbed by the activated iron on 
the surface forming iron carbide. 

Insuring Dimensional Accuracy through Heat 
Treating. (Steel, 1946, vol. 118, Feb. 18, pp. 90-91, 104). 
The necessity for proper co-operation between the heat- 
treating and machining departments is emphasized, and 
a suitable heat-treatment to ensure dimensional accur- 
acy in the case of a particular finished part is outlined. 

Molten Baths for the Wire Industry. F. R. Morral. 
(Wire and Wire Products, 1945, vol. 20, Oct., pp. 
736-741). The literature and patents on the applica- 
tion of salt baths in the wire industry for cleaning and 
heat-treatment are reviewed. 

Handling Equipment for Heat-Treatment Furnaces. 
H. D. Hendrick. (Machinery, 1946, vol. 68, Mar. 14, 
pp. 329-333; Mar. 21, pp. 367-371). Illustrated 
descriptions are given of mechanical equipment for 
charging heat-treatment furnaces, and the design of 
chain and slat conveyors, pusher furnaces, and 
quenching equipment is considered. 

Importance of a Proper Quench. J. McHlgin. 
(Iron Age, 1946, vol. 157, Feb. 21, pp. 50-51). Ex- 
perience gained in the heat-treatment of shells of 
0-55%-carbon steel is described. It was found ad- 
vantageous to use a stable quenching oil containing 
a wetting agent so that a fast rate of cooling through 
the critical range was obtained. To obtain satis- 
factory hardness, cooling oil was pumped through jets 
to quench the inside of the shells. 
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_ Metallurgical Aspects of High Quality Pressure 
Welded Joints for Landing Gear. PartI. Influence of 
Oxygen. L. Fine, C. H. Maak, and A. R. Ozanich. 
(Metal Progress, 1946, vol. 49, Feb., pp. 350-355). A 
description is given of the equipment and process for 
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“ uniwelding ”’ steel tubes. In this process the tube 
ends to be butt-welded are held in alignment in a 
machine; the joint is surrounded by a ring-shaped 
burner head with a large number of orifices drilled 
radially in the inner surface. The head is supplied 
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with oxygen and acetylene and, when the tube ends 
have been heated to the right temperature, hydraulic 
pressure is applied to force the ends together. The 
welding time for a tube with a j-in. wall is about 
2min. The mechanism of the diffusion of oxygen in 
welds of this type is explained. 

The Reconditioning of War-Damaged Machine 
Tools. G. Varley. (Proceedings of the Institution of 
Mechanical Engineers, 1945, vol. 153, War Emergency, 
Issue No. 4, pp. 109-111). Methods of repairing 
machine tools which have been damaged by bombs or 
fire are described and some examples are illustrated. 
Three methods were used : (1) Gas welding with cast- 
iron filler rods containing at least 3% of silicon; 
(2) electric welding with covered electrodes suitable 
for cast iron; and (3) bronze welding by arc using 
covered electrodes. 

Design Considerations for Welded Machinery Parts. 
G. L. Snyder. (American Society of Mechanical 
Engineers: Metallurgia, 1946, vol. 33, Feb., pp. 183- 
188). Designing Welded Machinery Parts. G. L. 
Snyder. (Steel, 1946, vol. 118, Feb. 4, pp. 124-126, 
162-164; Feb. 11, pp. 98-102, 155; Feb. 18, pp. 
100-102, 140-144). Factors affecting the design of 
dynamically-loaded welded machinery parts are 
discussed. 

High-Speed Spotwelding. B. Gross. (Iron Age, 
1946, vol. 157, Feb. 21, pp. 52-55). Factors influenc- 
ing high-speed spot-welding are discussed. A small 
apparatus for obtaining records of the time-pressure 
and the time-current relationships is described. 

Three-Phase Distribution and Electric Welding and 
Furnace Loads. A. Langley Morris. (Institution of 
Electrical Engineers, Mar. 13, 1946). Methods of 
connecting single-phase welding equipment to 3-phase 
mains are dealt with. The single-phase transformer 
and the open-delta series-connected transformer are 
compared. Mention is made of the power-factor 
correction of single-phase loads, from which there has 
been developed a method of obtaining balanced 
3-phase/single-phase conversion by static means. 
Full details of this phase-converting system for arc- 
and resistance-welding machines are given. 

Notes on the Conditions of Fracture of Medium Steel 
Ship Plates. D. F. Windenburg and W. P. Roop. 
(Welding Journal, 1945, vol. 24, Nov., pp. 580-S- 
587-S). Tensile tests were made on notched speci- 
mens of steel ship plates measuring 24 x 12 x ? in. 
The notch took the form of a hole through the centre ; 
in some cases hacksaw cuts + in. long were made in 
opposite sides of the hole transverse to the direction 
of testing. The plates were tested to rupture at 
various controlled temperatures and the nature of the 
fracture was examined. Specimens notched with a 
hole and hacksaw cuts broke with a brittle fracture at 
75° C. whereas a similar specimen broke with a ductile 
fracture at 100° F. The characteristics of the frac- 
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tures were not altered by sharp fatigue cracks at the 
ends of the saw cuts. 

Report on Welding in German Shipyards. (Com- 
bined Intelligence Objectives Sub-Committee, File No. 
XXXII-100, 1945 : H.M. Stationery Office). 


Fatigue Properties of Flash Welds. H. J. Grover, 
R. W. Bennett, and G. M. Foley. (Welding Journal, 
1945, vol. 24, Nov., pp. 599-S-617-S). An investiga- 


tion of the fatigue properties of flash-welded chromium- 
molybdenum steel, conducted at the Battelle Memorial 
Institute is described in three parts dealing respectively 
with welded bars, plates, and tubes. In Part I. the 
properties of various zones of flash-welded bars were 
studied by rotating-beam tests on small specimens. 
Part II. describes bending-fatigue tests on flash- 
welded plates to determine the effect of weld reinforce- 
ment. In Part III. the effect of surplus metal on the 
inside of the tube (“ internal flash ”’) was tested in the 
rotating-beam machine. 

Some Causes of Brittle Failures in Welded Mild 
Steel Structures. H.E. Kennedy. (Welding Journal, 
1945, vol. 24, Nov., pp. 388-S-398-S). Factors affect- 
ing the formation of brittle fractures in welded steel 
structures were investigated by notched-bar tensile 
tests, bend tests, and concentrated load tests. Changes 
in metallurgical structure caused by temperature 
changes were found to be the most important factor 
contributing to brittle fracture. Of the measures cal- 
culated to prevent. brittle fracture, post-heating to 
1100° F. was found to be the best, and preheating to 
400° F. or higher was very beneficial. 

The Straining of Deposited Weld Metal During 
Cooling. E. P. De Garmo. (Welding Journal, 1945, 
vol. 24, Nov., pp. 561-S—563-S). An investigation of 
the plastic flow that takes place in a weld as the result 
of cooling is described. In a butt weld by the Union- 
melt process, exceeding 20 in. in length, the weld 
metal half-way along the weld is subjected during 
cooling to a plastic strain greater than that correspond- 
ing to the yield point of the material. 

Weldability Tests of Cast Steels. F. S. McKenna 
and C. E. Jackson. (Welding Journal, 1945, vol. 24, 
Nov., pp. 573-S-579-S). The T-bend and nick-bend 
tests are described and recommended as direct quanti- 
tative tests for determining the effect of changes in 
welding technique and heat-treatment on the ductility 
of cast steels, and for indicating the relative weldability | 
of cast steels of any composition. 

Oxyacetylene Cutting Tactics for Various Alloy 
Steels. G. V. Slottman. (Machinery, 1946, vol. 89, 
Mar. 16, pp. 2542-2544). Techniques for the oxy- 
acetylene cutting of alloy steels are described. High- 
speed steel, high-nickel steel, stainless steels with 
12-20% of chromium and 7-10% of nickel, and cast 
iron are difficult to cut. A reciprocating motion of the 
torch is required for all of these except cast iron which 
is cut with an oscillating motion to make a wide cut. 
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Sodium Hydride Descaling. W. B. Billingsley. 
(Canadian Metals and Metallurgical Industries, 1946, 
vol. 9, Jan., pp. 19-24). The sodium-hydride pickling 


process has been described by L. W. Townsend 
(seep. 48 A). In the present paper the full-scale plant 
at the works of the Rustless Iron and Steel Corporation 
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is described and illustrated, and the advantages of the 
process are pointed out. 

Three Examples of Modern Practice in the Recovery 
oft Waste Pickling Liquors. P. De Lattre. (Sheet 
Metal Industries, 1946, vol. 23, Feb., pp. 282-286, 
288). Descriptions are given of three pickling plants 
belonging to a tube manufacturing company in Bel- 
gium. At two of these plants the spent liquor is 
treated as a whole, which involves the use of rather 
large deposit and settling tanks. In the third, where 
high-precision tubes are made, a continuous regenera- 
tion plant has been installed eliminating entirely the 
need for settling and deposit tanks. 

The Chemistry and Mechanism of Steel Pickling. 
B. N. Reavell. (Institute of Vitreous Enamellers : 
Sheet Metal Industries, 1946, vol. 23, Feb., pp. 323- 
326). -The mechanism of pickling is explained on the 
basis of electrochemical rather than chemical reactions. 
The following nett equations may be taken to sum- 
marize the reactions involved : 


Fe,0, + Fe + 4H,SO, = 4FeSO, + 4H,0 
Fe,O, + Fe + 8HCl = 4FeCl, + 4H,0. 


As long as scale remains in contact with the base 
metal, then, in the presence of the electrolyte, in- 
numerable electrolytic cells of the types Fe—Fe,0,, 
Fe—FeO-Fe,0,, Fe—-Fe,0,-Fe,0, are set up; these 
lead to a reduction of some of the oxides to a ferrous 
state which reacts with the acid ions to form ferrous 
salts which pass into solution. 

Batch and continuous plants are briefly described 
with notes on acid neutralization and acid recovery. 
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The Effect of Various Surface Treatments in Cleaning 
and Preparing Copper, Nickel, and Steel for Chromium 
Plating. W. T. Tucker and R. L. Flint. (EHlectro- 
chemical Society, Oct., 1945, Preprint No. 28). The 
Hull cell was utilized as a device for studying the 
reluctance of certain cathodes to accept a chromium 
deposit. Results of excellent reproducibility were 
obtained. It was concluded that the commercial 
methods of surface preparation evolved since the 
inception of chromium plating were adequate if 
certain limiting factors were duly considered. Neither 
copper nor steel were found to be acutely sensitive to 
methods of surface preparation. 

Pickling of Sheet Steel prior to Vitreous Porcelain 
Enamelling. F. Stanley. (Australasian Engineer, 
1946, Jan. 7, pp. 64-69). Detailed recommendations 
on pickling procedure for steel sheet which is to be 
vitreous-enamelled are made and formule for the 
rapid calculation of acid additions are presented. 
“Pickle pill” and titration methods of bath control 
are described. 

Cleaning and De-Whiskering Nails. A. J. Lehman. 
(Steel, 1946, vol. 118, Feb. 18, pp. 123-126). In the 
nail-manufacturing process the nails come from the 
dies coated with a mixture of lime and soap, and 
there is also a small “rag” of metal left at the 
point by the knives. A new process for remov- 
ing both coating and rag is described. The nails 
are tumbled in a hot solution and sawdust is used 
only to dry and burnish the clean nails. The 
continuous unit has automatic charging and discharg- 
ing devices. 
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Metallic Coating by Immersion. E. Dupuy. (Revue 
de Métallurgie, Mémoires, 1944, vol. 41, July, pp. 
208-216). The author discusses the use of various 
metals, such as tin, zinc, copper, lead, cadmium, and 
aluminium, for coatings for one of the following 
purposes: (1) To modify the external appearance ; 
(2) to resist corrosion; (3) to facilitate cold-working ; 
and (4) for welding and soldering. A brief description 
is given of immersion methods of coating with tin, 
zinc, lead, cadmium, and aluminium. 

Precision Seamless Tubing by Electrodeposition. 
J. Albin. (Iron Age, 1946, vol. 157, Jan. 10, pp. 
54-58). Some details of the Ekko process of plating 
iron have been given in an earlier publication (see 
Journ. I. and §.1., 1940, No. L, p. 155.4). In this 
article particulars are given of the application of the 
process to the manufacture, with a high degree of 
accuracy, of seamless tubes of irregular shape. 

The Electrodeposition of Nickel-Cobalt-Tungsten 
Alloys from an Acid Plating Bath. P. F. Hoglund and 
M. L. Holt. (Electrochemical Society, Oct., 1945, 
Preprint No. 24). The electrodeposition of nickel- 
cobalt-tungsten alloys from an aqueous plating bath 
isreported. The most satisfactory bath was found to 
be a modified Fink and Lah borate-type of nickel- 
cobalt bath to which was added a small amount of 
sodium tungstate. 


Wire Galvanizing—Herman Process. R. Hussey. 
(Wire and Wire Products, 1945, vol. 20, Dec., pp. 
927-931). A description is given of the Herman 
hot-dip process for galvanizing wire. In this process 
there is a small auxiliary zinc pot at the exit end of the 
main pot. The wires are drawn up through a slot- 
shaped nozzle, 10 in. high, through which molten zine 
is circulated. Above the nozzle there is a chamber of 
about 6 cu. ft. which is kept full of natural gas. The 
wires pass up through the gas and are cooled in a stream 
of water directed across them. 

The Formation of Dross in Hot-Dip Galvanizing. 
P. M. Fisk and F. F. Pollak. (Sheet Metal Industries, 
1946, vol. 23, Mar., pp. 490-492, 494). The effect of 
changes in the pickling and washing conditions on the 
amount of free iron in mg./sq.m. produced on speci- 
mens of steel plate 44 x 1% in. was investigated. 
As 3 lb. of iron produce 100 Ib. of dross in the subse- 
quent hot-dip galvanizing process, the data obtained 
are important in studying methods of reducing dross 
formation. The amount of free iron increased rapidly 
with increasing roughness of surface and with the 
quantity of iron in the pickle solution. Steel pickled 
in cold hydrochloric acid is not freed from iron salts 
under ordinary production conditions after dipping in 
static water as easily as the steel pickled in sulphuric 
acid. . 
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The Electrodeposition of Tin-Zinc Alloys. R. M. 
Angles. (Journal of the Electrodepositors’ Technical 
Society, 1946, vol. 21, pp. 45-64). The results of an 
investigation on the deposition of tin-zinc alloys, 
ranging in composition from 92/8 to 28/72, are dis- 
cussed, and the procedure for depositing the alloy 
containing 78% of tin, which appears to be the most 
serviceable, is given. 

The Protective Value of Lead and Lead-Tin Deposits 
on Steel. A. H. Du Rose. (Electrochemical Society, 
Oct., 1945, Preprint No. 7). The effects of the thick- 
ness of the deposit and of the concentration and 
nature of the addition agents to the plating bath on 
the protective value of lead and lead-tin coatings on 
steel were investigated. An increase in the glue 
concentration in the lead fluoborate plating solution 
gives better covering and throwing power. Lead 
deposits give a surprisingly good protection to steel 
against corrosion. A lead-tin alloy deposit containing 
5-6% of tin gives better protection than either pure 
lead or an alloy higher in tin. 

Metallizing in Welding Fabrication. W. J. Brook- 
ing. (Canadian Metals and Metallurgical Industries, 
1946, vol. 9, Jan., pp. 14-18, 24). The application of 
metal-spraying for the repair of worn shafts, hubs, and 
bushes, as well as for the salvage of over-machined 
parts, is described and illustrated. 

The Application of Cold Metal Spraying. V. G. 
Young. (Diesel Engine Users’ Association: Austra- 
lasian Engineer, 1946, Jan. 7, pp. 61-62). The 
advantages and limitations of the metal-spraying 
process for the repair of diesel engine parts are 
discussed. 

Electrical Testing of Wire, etc. (Wire Industry, 
1946, vol. 13, Feb., pp. 103-105). Descriptions are 
given of an enamelled wire pin-hole tester and a 
magnetic sorting bridge. The former instrument 
counts the number of flaws and pin-holes of a given 
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Young’s Modulus—Its Metallurgical Aspects. D. J. 
Mack. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 1936 : 
Metals Technology, 1945, vol. 12, Dec.). The litera- 
ture on Young’s modulus is critically reviewed, and 
a number of empirical relations correlating the modulus 
with other properties such as atomic volume and 
specific heat are considered; the best is considered 
to be that of J. P. Andrews. The bibliography 
contains 103 references. 

Correlation of Inspection Methods in the Metal 
Industry. J. V. Rigbey. (Canadian Metals and 
Metallurgical Industries, 1945, vol. 8, Nov., pp. 36-40 ; 
Dec., pp. 38-41, 48-52). Modern methods of testing 
and inspecting metals are reviewed and their signi- 
ficance is discussed. 

Sulphur—Effects in Cast Iron and Steel. E. S. 
Brown. (Sheffield Trades Technical Societies: Iron 
and Steel, 1946, vol. 19, Feb., pp. 71-74). The effects 
of sulphur on the properties of cast iron and steel are 


AND TESTS. 


maximum resistance in a length of enamelled wire. 
The sorting bridge enables samples of any ferro- 
magnetic materials to be tested and determinations 
made of differences in their composition, hardness, 
temper, and electrical conductivity. 

Conveyorized Enamelling of Castings. H. Chase. 
(Iron Age, 1946, vol. 157, Feb. 14, pp. 53-55). A 
description is given of a highly mechanized plant at 
which cast and stamped components are cleaned, 
bonderized, sprayed, and baked on a continuous chain 
conveyor with specially designed controls. 

The Decoration of Blackplate and Tinplate. T. A. 
Miller. (Sheet Metal Industries, 1946, vol. 23, Feb., 
pp. 291-292, 298). Recent developments in the 
sizing, lacquering, and printing for the decoration of 
blackplate and tinplate are reviewed, and some future 
possibilities discussed. 

Synthetic Coatings for Gasoline Tanks. (Combined 
Intelligence Objectives Sub-Committee, File No. 
XXX-67, 1945: H.M. Stationery Office). A brief 
report on German methods of applying synthetic 
coatings on the inside of tanks used for storing petrol 
is presented. For small tanks, baked phenol-form- 
aldehyde resin coatings were used, whereas for larger 
tanks a plasticized nitrocellulose air-dried lacquer was 
applied. This lacquer, however, was modified by the 
addition of soluble urea-formaldehyde resin which was 
cured by the addition of phosphoric acid to effect good 
adhesion and to render the film insoluble in petrol. 

Plastic Skin Protective Coatings Convert to Peace- 
Time Applications. B. Gould. (Corrosion and Ma- 
terial Protection, 1946, vol. 3, Feb., pp. 6-9, 12). 
Some particulars are given of a plastic coating with a 
cellulose acetate butyrate base into which steel parts 
can be dipped. A bath kept at 300-340° F. is used 
and, on withdrawing the part, the solution solidifies 
leaving a transparent film completely impervious to 
moisture. 
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discussed, and data on the reduction in tensile proper- 
ties of steel at high temperatures with increasing 
sulphur content are presented. Some experiments on 
desulphurization with soda ash are described; the 
conclusions derived from them are : (1) The amount of 
soda ash used should be related to the initial sulphur 
contents ; (2) it is uneconomical to make additions of 
more than 224 lb. of soda ash per ton of steel; and 
(3) a double treatment is essential when an initial 
sulphur content exceeding 0-090% is to be brought 
down to 0-010-0-020%. 

Shot-Peening. (Aircraft Production, 1945, vol. 7, 
Oct., pp. 478-480). The characteristics of the shot 
used for shot-peening and data on the increase in 
fatigue strength obtained by peening wire are dis- 
cussed. A method of checking the depth to which 
the peening affects the steel is described. 

The Hardenability Concept. J. H. Hollomon and 
L. D. Jaffe. (American Institute of Mining and 
Metallurgical Engineers, Technical Publication No. 
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1926: Metals Technology, 1946, vol. 13, J. an.). 
Experimental determinations of the hardenabilities 
of some high-alloy steels compared with the harden- 
ability calculated by the Grossmann system have 
indicated that the calculated hardenabilities are too 
high. The Grossmann system and the whole concept 
of hardenability are therefore examined in this paper. 
In order to determine the effects of the alloying 
elements on the bainitic hardenability, the alloying 
elements should be added to the steels in which bainite 
limits the formation of martensite. This occurs in the 
case of steels containing about 0-:25°% of molybdenum. 
Since no carefully planned experiments of this type 
have been performed, a tentative system is suggested 
as an interim measure to permit very rough estimates 
of the bainitic hardenability to be made. Harden- 
abilities calculated by this system for a number of 
steels have been found to check well with the measured 
hardenabilities. One of the conclusions based on the 
results of isothermal experiments in this tentative 
system is that molybdenum and the grain size of the 
austenite have little, if any, effect on the rate of 
bainite formation. 

Hardenability and Quench Cracking. L. D. Jaffe 
and J. H. Hollomon. (American Institute of Mining 
and Metallurgical Engineers, Technical Publication 
No. 1927: Metals Technology, 1946, vol. 13, Jan.). 
A method is suggested for selecting the composition of 
alloy steels which will have a specified hardenability 
with a minimum quench-cracking tendency. 

Progress Report on Hardenability Bands. (Year- 
book of the American Iron and Steel Institute, 1945, 
pp. 51-84). This Report was prepared by the 
Technical Committee on Alloy Steel of the American 
Iron and Steel Institute. It deals with the advantages 
and disadvantages of specifying alloy steels by harden- 
ability instead of by analysis. The production records 
for the principal alloy steels manufactured in a period 
of two months in the United States show that 14% of 
the open-hearth heats and 4:4% of the electric-furnace 
heats were outside of the specified limits of analysis. 
Frequency curves for the contents of various elements 
in these “off” heats are presented and discussed. 
The general conclusion is that it would be both 
practicable and advantageous to widen the present 
limits of specified contents of elements and to specify 
hardenability limits based on Jominy end-quench 
tests. 

Hardenability. A. Portevin. (Revue de Métal- 
lurgie, Mémoires, 1944, vol. 41, July, pp. 193-203 ; 
Aug., pp. 243-248). The author discusses the 
theoretical and practical aspects of hardenability of 
steel and cast iron. Methods of testing hardenability 
are described and the value and application of the 
results obtained are explained. 

New Developments in Hardness Testing. V. E. 
Lysaght. (Metallurgia, 1946, vol. 33, Feb., pp. 
210-212). The Knoop hardness-testing indenter, the 
Tukon tester for applying light loads with the Knoop 
indenter, and some work carried out with them are 
described. 

Applications of Eberbach Microhardness Tester. 
H. E. Bernhardt. (Steel, 1946, vol. 118, Feb. 25, 
pp. 92-100, 140). The Eberbach microhardness 
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testing instrument is described. It operates with a 
spring-loaded diamond indenter of similar shape to 
that in the Vickers machine. Results obtained with 
it are presented and compared with those obtained by 
other methods. 

The Value of the Impact Test in the Study of Temper 
Brittleness. H. Jolivet and G. Vidal. (Revue de 
Métallurgie, Mémoires, 1944, vol. 41, Nov., pp. 378— 
388; Dec., pp. 403-408). The results of impact tests 
on specimens from eleven heats of 1-3-2:0%-chromium 
0:26°%-molybdenum 0-23%-vanadium steel are pre- 
sented. Mesnager notched specimens subjected to 
various heat-treatments were used. The influence of 
the deformation velocity, temperature, notch shape, 
and heat-treatment were investigated. Temper 
brittleness can be detected only by measuring the 
impact strength when the test is carried out under 
favourable conditions. 

The Physical Nature and Properties of Modern 
Magnet Steels and the Practical Design and Testing of 
Permanent Magnets. E.Spahn. (Schweizer Archiv, 
1944, vol. 10, Oct., pp. 313-322). 

Testing and Inspection. H. A. Knight. (Materials 
and Methods, 1946, vol. 23, Jan., pp. 145-150). The 
methods of testing and inspection which are reviewed 
in this paper include electronic measurements, spectro- 
graphy, magnetic inspection, hardness testing with 
light loads, strain gauge determinations, the measure- 
ment of surface roughness, and radiography. 

Other Non-Destructive Methods of Testing. J. W. 
Juppenlatz. (American Foundryman, 1946, vol. 9, 
Jan., pp. 38-41). Non-destructive methods of testing 
castings other than radiography and magnetic particle 
testing are described and discussed. These include : 
(a) Washing the surface with a fluorescent penetrating 
liquid and subsequent examination under ultra-violet 
light ; (5) static loading tests in which the deflection 
is measured ; (c) air-pressure and liquid-pressure tests ; 
and (d) supersonic tests. 

Crack Inspection. F. W. Giles. (Engineering In- 
spection, 1945, vol. 10, Winter Issue, pp. 22-26). 
Methods of detecting cracks in metals are briefly 
reviewed. Each method has a particular merit 
against the others in a given circumstance and experi- 
ence proves that there is room for them all. 

Electronic Testing. (Iron and Steel, 1946, vol. 19, 
Mar., pp. 119-120). Electronic instruments for com- 
paring the mechanical characteristics of great numbers 
of parts, for detecting cracks, and for determining the 
thickness of non-magnetic coatings on steel are 
described. 

Metallic Creep. (Engineer, 1946, vol. 181, Feb. 15, 
pp. 148-149; Feb. 22, pp. 170-171). Creep of Metals. 
(Engineering, 1946, vol. 161, Mar. 8, pp. 233-235 ; 
Mar. 15, pp. 258-259). A brief report is presented of 
the proceedings at a conference on metallic creep 
which was held in London on February 5, 1946. It 
was organized by the Department of Scientific and 
Industrial Research and about 150 representatives of 
research establishments, universities, and industrial 
organizations were present. f 

A Comparison of Some Carbon Steels on the Basis of 
Various Creep Limits. A. E. Johnson and H. J. Tap- 
sell. (Proceedings of the Institution of Mechanical 
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Engineers, 1945, vol. 153, War Emergency Issue No. 6, 
pp. 169-179). This paper describes work done to 
determine whether any relationship exists between the 
results of the various short-time and long-time creep 
tests, which will permit the use of short-time tests, not 
merely as a means of separating good from bad steels, 
but also as the basis of design stresses intended to give 
satisfactory performance over working periods of 
considerable duration. Indications are given of some 
of the difficulties and limitations in the use of short- 
time creep results in the case of carbon steels, and 
suggestions are made for some rational basis for steps 
which might be taken to offset these difficulties and 
limitations by applying the results of short-time tests 
to the estimation of design stresses. 

Creep Properties of Steels Utilized in High-Pressure 
and High-Temperature Superheater and Steam Pipe 
Practice. Part Il. 0-5 Per Cent Molybdenum Steels. 
H. J. Tapsell and R. W. Ridley. (Report J/T 136 
of the British Electrical and Allied Industries Research 
Association: Proceedings of the Institution of 
Mechanical Engineers, 1945, vol. 153, War Emergency 
Issue No. 6, pp. 181-192). This report deals with the 
creep properties of carbon-molybdenum steels in the 
form of a superheater header, superheater tube, and 
steam pipe manufactured for service at temperatures 
above 450° C. The investigation was carried out in a 
similar manner to that described in Part I. (see Journ. 
I. and §.1., 1944, No. II., p. 88 4), which dealt with 
carbon steels and, as in the former case, the object was 
to obtain data for the estimation of the stress-tempera- 
ture relationships for from 0-1 to 0-5°% creep in various 
periods up to 100,000 hr. It is considered that the 
data provide a satisfactory basis for design. 

Valve Facing Alloy Resists Corrosion at High Tem- 
peratures. V.C. Young. (Engineering Materials and 
Processing Methods, 1945, vol. 22, Dec., pp. 1744— 
1745). Some particulars are given of the properties of 
an alloy called ‘“‘ Katonite,”’ containing chromium, 
nickel, tungsten, and cobalt, which maintains a high 
hardness at red heat, and is used for facing the valves 
of aero-engines. 

16-25-6 Alloy for Gas Turbines. M. Fleischmann. 
(Iron Age, 1946, vol. 157, Jan. 17, pp. 44-53 ; Jan. 24, 
pp. 50-60). A comprehensive account is given of the 
development by the Timken Roller Bearing Company 
of a 16/25/6 chromium-nickel-molybdenum steel for 
use at high temperature in gas turbines. Details are 
given of its microstructure, heat-treatment, and room- 
temperature and high-temperature properties. 

The Influence of Heat-Treatment and Micro-Structure 
of Austenitic Heat-Resisting Steels on the Scatter of 
Creep-Test Results. E.Morlet. (Revue de Métallurgie, 
Mémoires, 1944, vol. 41, June, pp. 161-168; Sept., 
pp. 284-291 ; Oct., pp. 346-352). The author presents 
a report on a study of creep resistance; it is in 
three parts which deal with: (1) Creep-testing 
machines and the accuracy of the measurements ; 
(2) the influence of heat-treatment; and (3) the 
influence of the grain size on creep tests of short 
and long duration. Creep tests were made at 650°, 
750°, and 850° C. on an 18/8 austenitic chromium- 
nickel steel with an addition of 3:54:0% of 
tungsten, and on an_ austenitic-ferritic 24/12 
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chromium-nickel steel. The effect of heat-treatment 
and of different grain sizes on the creep resistance, 
creep rate, and scatter of the results was examined. 
The following conclusions were arrived at: (1) In 
order to limit the scatter of the creep-test results, the 
heat-treatment should be carried out at the following 
temperatures : Quenching from 1150° C. followed by 
tempering at 900° C. for 6 hr. (2) A coarse-grained 
steel possesses a higher creep resistance, and it is 
possible to represent by a diagram on a logarithmic 
scale the variation of the creep rate in relation to the 
number of grains per square millimetre. (3) The 
scatter of the results is more pronounced in creep tests 
of long duration, and this shows the superiority of 
coarse-grained forged steel over a fine-grained rolled 
steel. (4) The coarse grain, caused by overheating, 
makes the steel susceptible to intergranular fractures 
which considerably affect the creep resistance. 

Report on Metals for Elevated Temperatures. 
(Combined Intelligence Objectives Sub-Committee: 
File No. XX XII-99, 1945: H.M. Stationery Office). 
Information is given on German methods of creep- 
testing, their alloy steels for boilers, and on the Krupp 
heat-resisting steels. 

Report on Materials for Shipbuilding Applications. 
(Combined Intelligence Objectives Sub-Committee, 
File No. XX X1I-105, 1945: H.M. Stationery Office). 

The Diffusion of Hydrogen Through Iron at Room 
Temperature. J. H. De Boer and J. D. Fast. (Re- 
cueil des Travaux Chimiques des Pays-Bas, 1939, vol. 
58, Sept.-Oct., pp. 984-993). When iron sheets are 
brought into contact with aqueous solutions of definite 
pH values, diffusion of hydrogen through the iron 
takes place in all cases where the liquid dissolves iron 
with the evolution of hydrogen. No diffusion takes 
place if the pH value of the liquid is such that there 
is no evolution of nascent hydrogen. This proves that 
atoms of hydrogen formed by the chemical reaction 
may enter the iron, whilst the hydrogen ions contained 
in the solutions are unable to do so. In accordance 
with these results it was found that hydrogen atoms 
formed in hydrogen gas by means of an incandescent 
tungsten coil readily enter iron plates at room tem- 
perature. An iron vessel filled with hydrogen can be 
evacuated in this way. As hydrogen can diffuse only 
through the iron from the side where atoms are 
produced, it accumulates on the other side of the iron 
wall and diffusion takes place against an atmosphere 
of hydrogen at any pressure. 

A Test for Hydrogen Embrittlement and Its Applica- 
tion to 17 per Cent Chromium, 1 per Cent Carbon 
Stainless-Steel Wire. C. A. Zapffe and M. Eleanor 
Haslem. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 1954: 
Metals Technology, 1946, vol. 13, Jan.). An appara- 
tus is described with which hydrogen embrittlement in 
wire can be measured as a function of the angle at 
which breaking occurs during a single bend made at 
constant speed. This simple instrument is used first 
to get an approximate indication of the sensitivity of 
various grades of stainless steel wire to hydrogen 
embrittlement and then to study factors controlling 
the absorption of hydrogen during cathodic and acid 
pickling and the evolution of that gas during subse- 
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quent recovery. After establishing the fundamental 
relationships of charging time, temperature, and 
current density, it was found that many inhibitors, 
often advertised as inhibiting or preventing hydrogen 
embrittlement, actually caused a marked increase in 
embrittlement when compared with the acid bath 
without such additions. Only two reagents, neither 
of which was a commercial product, were found to be 
true inhibitors at certain concentrations; at other 
concentrations they, too, aggravated embrittlement. 
The peculiarities of a group of these reagents were 
studied in detail. During the recovery period the 
specimens first decreased in ductility, a very marked 
spontaneous embrittlement being observed. As an 
example of the effect of temperature on the rate of 
recovery, it was noted that, after 40 sec. at 180° C., 
the recovery was the same as after 71 hr. at 0°C. 
The evidence obtained in these tests supported the 
“ planar-pressure ” theory of hydrogen embrittlement. 

Steels and Irons. F. P. Peters. (Materials and 
Methods, 1946, vol. 23, Jan., pp. 86-89). Some of the 
ferrous materials developed during 1945 are reviewed 
with notes on their properties. They include alloys 
for use at high temperature, high-ductility steels for 
forming, boron-bearing malleable cast iron, “ H” 
steels with specified limits of hardenability, steels with 
special magnetic properties, and tool steels. 

Railway Rails. M.Cambournac. (Revue de Métal- 
lurgie, Mémoires, 1944, vol. 41, Aug., pp. 233-242 ; 
Sept., pp. 301-312). The author presents the results 
of the investigations made by a special Commission for 
Rails in France, whose task was to examine the causes 
of various defects and to suggest means of eliminating 
them. 

Some Interesting Properties of Titanium Steels. 
G. F. Comstock. (Journal of the American Ceramic 
Society, 1946, vol. 29, Jan., pp. 1-7). Steel containing 
sufficient titanium to combine with all of the carbon 
does not react with vitreous enamels like ordinary 
low-carbon steel or ingot iron; white cover-coat 
enamels, without a ground coat, can therefore be fused 
on it without blistering or the formation of black 
specks. The titanium content must be more than 
4% times the carbon content. This steel has been 
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made commercially by the basic open-hearth process, 
and the requirements for successful manufacture are 
explained. It is of excellent quality for deep-drawing 
and does not have a yield point, even when normalized 
or annealed, so that stretcher-strains cannot occur in 
it. It is not subject to strain-ageing even when 
strained as much as 17% and aged at 450° F. 

Steel Wool—Characteristics of Materials and Manu- 
facture. L. E. Browne. (Steel, 1946, vol. 118, Feb. 
25, pp. 87, 124). The manufacture of steel wool is 
described and its properties discussed. Hot-rolled 
steel (containing about 0-12% of carbon and 0-90% 
of manganese) 3% in. in dia. is drawn down to 0-01 in. 
wire, and the fine strands for making into wool are 
shaved off the wire with a serrated-edged tool which 
removes several strands at a time. The strands are 
made in seven sizes between 0-0018 in. and 0-0080 in. 
in dia. The binding of the strands into wool is not 
described. 

Ferrous Metallurgical Research. N. A. Matthews. 
(Journal of Applied Physics, 1945, vol. 16, Dec., pp. 
780-787). The organization, equipment, and work 
being done at the Watertown Arsenal Laboratory, 
Massachusetts, are described and discussed. 

A Workable Classification of Toolsteels. ©. L. 
Hibert. (Metal Progress, 1946, vol. 49, Feb., pp. 
333-341). The method of coding tool steels adopted 
by the Consolidated Vultee Aircraft Corporation is 
described. The steels were divided into five major 
groups with 14 sub-divisions. The groups, each of 
which with its own distinctive mark, are: (1) General- 
purpose tool steels; (2) oil-hardening die steels ; 
(3) silicon-manganese shock-resisting chisel and punch 
steels; (4) high-carbon high-chromium punch and die 
steels ; and (5) high-speed tool steels. 

Nomenclature and Standards. (Jernkontorets An- 
naler, 1946, vol. 130, No. 2, pp. 79-80). (In Swedish). 
The Tekniska Nomenklaturcentral (Bureau for Techni- 
cal Nomenclature) is about to publish a list of 200 
definitions and terms relating to the strength of 
materials, which have been agreed upon by a com- 
mittee of fifteen Swedish scientists and industrialists. 
A short review of some of the definitions is given and 
comments are invited. 
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A Temper-Etching Process for Distinguishing be- 
tween Ferrite, Austenite, and Carbides in the Structure 
of High-Chromium Steels. H. Kessner. (Iron and 
Steel Institute, 1946, Translation Series, No. 270). 
This is an English translation of a paper which was 
published in Archiv fiir das Eisenhiittenwesen, 1942, 
vol. 16, Oct., pp. 145-146. (See p. 15 4). 

Industry’s Debt to Rontgen. G. L. Clark. (In- 
dustrial Radiography, 1945, vol. 4, Winter Issue, 
pp. 30-34, 49). The development of the use of X-rays 
for industrial purposes during the last fifty years is 
outlined. 

Some Questions that Can be Answered by X-Ray 
Diffraction. C.S. Barrett. (Industrial Radiography, 


1945, vol. 4, Winter Issue, pp. 12-18). A general 
survey of the field covered by X-ray diffraction is 
presented. Its application to obtain data for con- 
structing phase diagrams and studying the effects of 
deforming and heat-treating metals is dealt with. 
Atomic Structure of Steels. Audrey M. B. Parker. 
(Steel, 1946, vol. 118, Feb. 25, pp. 89, 127). The 
Debye and Scherrer method of obtaining X-ray 
powder photographs is described and their significance 
in studying the atomic structure of steels is explained. 
Technique and the Future of Industrial Radio- 
graphy. M. B. Evans. (Industrial Radiography, 
1945, vol. 4, Winter Issue, pp. 19-22). War-time 
improvements in X-ray technique are reviewed and 
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an assessment is made of their value in application to 
peace-time requirements. 

Ultra High Speed Radiography. EK. R. Thilo. 
(Industrial Radiography, 1945, vol. 4, Winter Issue, 
pp. 40-43). The technique for obtaining high-speed 
X-ray photographs is described with examples of its 
use for studying the penetration of plates by bullets 
and other ballistical problems. 

Two Million Volt X-Ray Inspection Equipment. 
D. Goodman. (Metal Progress, 1946, vol. 49, Feb., 
pp. 327-332). 

High-Voltage Radiography. D. Goodman. (Iron 
Age, 1946, vol. 157, Feb. 21, pp. 58-61). Experience 
gained from the use of 1,000,000-V. and 2,000,000-V. 
X-ray equipment in the United States is reported. 
The latter size of equipment weighs about 5000 lb. 
and measures 5 ft. in dia. and 11 ft. in length; with 
it, a radiograph can be taken through steel 12 in. 
thick at a distance of 3 ft. with an exposure of 2 hr. 

Application of X-Ray Analysis to Metallurgy. M. 
Paic. (Revue de Métallurgie, Mémoires, 1944, vol. 
41, June, pp. 169-179). The author discusses the 
method of quantitative micro-analysis which is based. 
on the absorption of X-rays passing through a sub- 
stance. He investigates the loss of intensity of 
X-rays when penetrating various metals, and shows 
on a diagram the relationship between the absorption 
and atomic number of various elements. The prac- 
tical application of this law is shown by several 
examples. 

Report on Radiography and Magnetic Inspection in 
German Shipyards. (Combined Intelligence Objec- 
tives Sub-Committee, File No. XX XIJ-102, 1945: 
H.M. Stationery Office). 

Microstructure Related to Properties of Cast Iron. 
W. E. Mahin and H. W. Lownie, jun. (American 
Foundryman, 1946, vol. 9, Jan., pp. 20-28). Ex- 
planations of the terms cementite, ferrite, pearlite, 
and steadite are given and the manner in which these 
constituents and graphite affect the properties of cast 
iron is explained. 

Introduction to a Study of Coalescence in Eutectoid 
and Hypereutectoid Steels. N.T.Belaiew. (Revue de 
Métallurgie, Mémoires, 1944, vol. 41, Mar., pp. 65-70 ; 
Apr., pp. 122-130; May, pp. 150-158; June, pp. 
188-191; July, pp. 227-232; Aug., pp. 249-257; 
Sept., pp. 292-300; Oct., pp. 341-345). 
hensive study is presented on the influence of carbides 
on the quality of steel. The importance of three main 
factors is discussed ; those factors are the size, form, 
and distribution of the carbides. The author’s general 
conclusions are: (1) The quantity, distribution, form, 
and size of the carbides exert a profound influence on 
the properties of steel. In the first place, the elastic 


limit, hardness, and impact strength are directly. 


affected. Secondly, as the hardening penetration 
depends on the size of the carbides, the complex 
properties, such as hardenability and machinability, 
are also affected. (2) In order to determine the size 
of the carbides a formula similar to that used for the 
definition of grain size is applied. The formula is 
M =2¥" (where M is the number of particles in 
thousands/sq.cm. and N is the dispersion. The 
dispersion N and hardness remain in a straight-line 
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relationship which is shown in a dispersion/Brinell- 
hardness diagram. (3) The mechanism of the 
tempering of martensite, from the point of view of the 
morphology of cementite, is revealed by a growth of 
the cementite spheroids with time and temperature. 
(4) The lamellar structures are essentially unstable 
and tend to become spheroids. In the course of this 
evolution each lamella contracts into grains the 
diameter of which, at the end of the period of the 
complete disintegration, is 15 to 16 times the width 
of the lamella. (5) The evolution of pearlite into a 
globular form is very slow and is effected by annealing. 
(6) The coarse carbides act, similarly to other in- 
clusions, as nuclei for crystallization ; they affect the 
structure and quality of steel by influencing its 
hardenability. They impede the grain growth, at 
the same time preventing overheating, and they 
reduce the hardenability. On the other hand, the 
fine carbides easily enter into solution and their 
presence is indispensable to obtain the hardening 
effect in steel after quenching. (7) The coarse car- 
bides in the hypereutectoid carbon steels increase their 
cutting ability and produce the same effect as the 
complex cementites in the high-speed tool steels. 
(8) Recent investigations on grain size and harden- 
ability, which are properties closely connected with 
the distribution, form, and size of carbides, made it 
possible in many cases to replace high-alloy steels with 
plain carbon steels. 

Some Factors Affecting Edgewise Growth of Pearlite. 
W. H. Brandt. (American Institute of Mining and 
Metallurgical Engineers, Technical Publication No. 
1857: Metals Technology, 1945, vol. 12, Dec.). In 
an earlier paper (see Journ. I. and §.I., 1945, No. II., 
p. 97 A) the author presented a method for calculating 
V, the velocity of the edgewise growth of pearlite, 
using linear extrapolations of the ferrite and cementite 
solubilities. Whilst the results were in fairly good 
agreement with the experimental data, the calculated 
velocity of growth at 600° C. was, contrary to expecta- 
tion, smaller than G (the velocity of radial growth of 
pearlite nodules). In this paper the calculation is 
repeated using a new extrapolation for the ferrite 
solubility. A calculation is also made of the effect of 
the carbon content on the value of V. The problem 
of calculating the effects of other alloying elements on 
rates of growth is also dealt with. 

Equilibrium Relations in Medium-Alloy Steels. 
C. Zener. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 1856 : 
Metals Technology, 1946, vol. 13, Jan.). The general 
theory for the equilibrium between two solid phases 
is developed from thermodynamic and mechanical 
concepts. This general theory is applied to the 
equilibrium relationships between the «, y, and 
cementite phases of the iron—carbon system, and to the 
effects of alloying elements thereon. Experimentally 
obtained data on equilibria are brought into a con- 
sistent picture and a method is developed for rapidly 
computing the equilibrium relationships in any 
medium-alloy steel. 

Phase Boundaries in Medium-Alloy Steels. W. A. 
West. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 1924: 
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Metals Technology, 1946, vol. 13, Jan.). Equations 
have been developed by Zener (see preceding abstract) 
which permit the calculation of phase boundaries in 
medium-alloy steels in terms of certain constants. 
In this paper experimental data from the literature 
have been used to determine the constants for a 
number of alloying elements and these have been com- 
pared with the constants obtained by Zener’s 
equations. Two systems have been found which do 
not conform with Zener’s theory ; in certain others the 
data were inconclusive or insufficient ; in a consider- 
able number, however, constants may be chosen that 
represent the experimental results reasonably closely. 

Kinetics of the Decomposition of Austenite. C. 
Zener. (American Institute of Mining and Metal- 
lurgical Engineers, Technical Publication No. 1925: 
Metals Technology, 1946, vol. 13, Jan.). A review is 
made of the general principles that govern the 
phenomena accompanying the decomposition of 
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austenite ; these include nucleation, propagation of 
interfaces, grain growth, and spheroidization. The 
main features of pearlite formation can be derived 
directly from fundamental principles. The formation 
of bainite is interpreted as a transformation of the 
face-centred austenite lattice to the body-centred 
ferrite lattice without a change in carbon distribution. 
Martensite is interpreted as having essentially the 
Same structure as untempered hbainite, except that, 
owing to its mode of formation, residual stresses are 
present. The manner in which alloying elements 
affect the formation of martensite is found to be such 
that, when arranged in the order in which they lower 
the Ar” point, the order is the same as when arranged 
according to effectiveness in retarding the bainite 
transformation. The transformation of martensite 
from a tetragonal lattice to a cubic lattice is inter- 
preted as a change from an ordered distribution of 
carbon to a random distribution. 
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Bennett, H. ‘“ Substitutes.” 8vo, pp. x + 225. 
Brooklyn, N.Y., 1943: Chemical Publishing Co., 
Inc. (Price 21s.) 

A handbook of substitutes and alternatives for chemicals, 
metals, fibres, and other commercial products, including a 
plan for choosing proper substitutes. 


Boston, O. W. “A Bibliography on Cutting of 
Metals 1864-1943.” 8vo, pp. xi+ 547. New York, 
1945: American Society of Mechanical Engineers. 
(Price 39s.) 

Professor Boston has already prepared two volumes of 
references—one published as a Research Bulletin of the 
A.S.M.E. in 1930, and a second one published personally by 
him in 1935. The present volume consists of the material 
published in the two previous volumes, together with nearly 
3500 additional references with abstracts; it forms the 
most complete bibliography of the literature on the cutting 
of metals. 


DRINKER, P., and T. Hatcu. “ Industrial Dust. 
Hygienic Significance, Measurement, and Control.” 
8vo, pp. viii+ 316. Tlustrated. New York, 
1936: McGraw-Hill Book Co., Inc.; London: 
McGraw-Hill Publishing Co., Ltd. (Price 24s.) 

This book, which is written from the engineer’s stand- 
point, contains the following chapters: (1) Physical 
properties of dusts, fumes, and mists; (2) Effects of dusts 
and fumes upon man; (3) Physical and chemical factors in 
pneumoconiosis; (4) Permissible dustiness; (5) The dust 
survey; (6) and (7) Dust determination; (8) Determination 
of particle size; (9) Chemical and minerological analyses ; 
(10) Control of the dust hazard—General; (11) Design of 
local exhaust systems; (12) Air-cleaning apparatus; 
(13) Air-cleaning apparatus—Filtration; (14) Dust respira- 
tors and air masks. 


Evans, E. A. ‘“ Lubricating and Allied Oils.” Fore- 
word by the late Viscount Wakefield of Hythe. 
Third edition, revised. 8vo, pp. ix + 210. Illus- 
trated. London, 1945: Chapman and Hall, Ltd. 
(Price 15s.) 


This new edition has been almost completely rewritten, 
whilst its original scope and outlook have been preserved. 


Several new chapters have been added which, it is hoped, 
will increase the usefulness of the book. Fatty oils have, 
been described in a way which should give chemists a better 
appreciation of* their constitution and behaviour. The 
question of engine deposits is also discussed and an intro- 
ductory survey made of the new subject of chemical 
addition agents. 


Hauu, J. J. “ Steel Hardening, Tempering, and 
Annealing.’ Sm. 8vo, pp. 160. Ilustrated. 
London, 1945: George Newnes, Ltd. (Price 6s.) 


This book, which gives a concise account of the theory 
and practice of the heat-treatment of steel, is intended for 
tool hardeners, mechanics, and others interested in the 
manufacture and maintenance of cutting tools, dies, and 
other engineering components requiring heat-treatment. 


JARVIS, E.G.,and H.O. Jarvis. “ Facts for Foundry- 
men.” Sm. 8vo, pp. ix+ 80. Buffalo, N.Y., 
1944: Niagara Falls Smelting and Refining Cor- 
poration. (Price $1.00.) 


This small book outlines the properties and uses of the 
most commonly used metals and alloys. The information 
is presented for the foundryman to assist him in the produc- 
tion of better castings. 


May, E. C. “ Principio to Wheeling 1715-1945. A 
Pageant of Iron and Steel.” 8vo, pp. xiv + 335. 
New York and London, 1945 : Harper and Brothers. 
(Price 15s.) 

This volume traces the evolution of a colonial iron furnace 
at Principio, Maryland, into the huge blast-furnace, open- 
hearth, and rolling-mill plant at Wheeling, West Virginia, 
and describes the present-day activities of the Wheeling 
Steel Corporation. 


Nationa Resgarcu Councin. “ Chemistry of Coal 
Utilization.” H.H. Lowry, Editor. 8vo. Vol. 1, 
pp. cv + 920. Vol. 2, pp. ev + 921-1868. Ilus- 
trated. New York, 1945: John Wiley and Sons, 
Inc.; London: Chapman and Hall, Ltd. (Price 
£6 the 2 volumes.) 


This treatise constitutes a comprehensive and critical 
review of the voluminous but scattered literature on the 
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scientific and practical aspects of coal utilization. In many 
eases hitherto unpublished data have been included. The 
material is presented in two volumes. 

Vol. I. comprises 24 chapters covering, among other 
subjects, the origin of coal; its classification; its petro- 
graphy; its calorific value; its hardness, strength, and 
grindability ; its general physical properties; its chemical 
constitution; the fusion, flow, and clinkering of coal ash; 
the cleaning of coal; changes that take place in coal on 
storage; the action of solvents on coal; vacuum distillation 
of coal; coal carbonization; and coke. 

Vol. II. comprises 16 chapters dealing with such subjects 
as the recovery of sulphur and nitrogenous compounds from 
coal gas; light oil from coke-oven gas; removal of miscel- 
laneous constituents from coal gas; utilization of coal gas; 
the chemical nature of coal tar; ammoniacal liquor; 
combustion; direct generation of electricity from coal 
and gas; water gas; hydrogenation of coal and tar; 
synthesis of hydrocarbons and of methanol from water gas. 


Retou, H. J. “ Principles of Electron Tubes.” 8vo, 
pp. xv -+ 398. Illustrated. New York, 1941: 
McGraw-Hill Book Co., Inc.; London: McGraw- 
Hill Publishing Co., Ltd. (Price 21s.) 


BIBLIOGRAPHY. 


This book has been specially prepared to meet the needs 
of students who do not intend to specialize in communica- 
tion. It is an abridgement of a previous work entitled 
‘Theory and Applications of Electron Tubes.” 


Srewart, F. 8S. “ Airframe Materials.” 8vo, pp. 
x + 237. Illustrated. New York, 1945: McGraw- 
Hill Book Co., Inc.; London: McGraw-Hill 
Publishing Co., Ltd. (Price 15s.) 


It contains the following chapters: (1) The sources of 
strength of materials; (2) Properties of materials and 
methods of testing for quality; (3) Comparison of certain 
physical and mechanical properties of airframe materials; 
(4) Heat-treatment of aluminium alloys; (5) Heat-treat- 
ment of steel, magnesium, and other materials; (6) Hffect 
of cold-working on the properties of aluminium alloys; 
bending limitation of wood, plastics, and magnesium ; 
(7) Corrosion of metals and ageing of plastics; (8) Cleaning 
and chemical treatment; (9) Bonding processes used to join 
materials structurally; (10) Casting and forging of alu- 
minium and magnesium; other metals; (11) Veneers and 
plywood. Adhesives; (12) Sealing processes used in air- 
planes; problems involved; (13) Plastic compositions ; 
(14) Transparent plastics. 
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“A.S.M. Review of Current 


AMERICAN SocreTy FOR METALS. 
Cleveland, Ohio, 1945: 


Metal Literature.’ Pp. 800. 
The Society. (Price $15.00.) 


AMERICAN SocrETy ror Testing Materiars. ‘“ Symposium 
on Magnetic Particle Testing.”’ Philadelphia, 1945: The 
Society. (Price $1.25.) 

ARMSTRONG, E. F., and L. M. Mraz. 
the Sea.” Pp. 164. Leicester: 
tions. (Price 15s.) 

British Stanparps Institution. STA 5. “‘ Schedule of 
Carbon and Alloy Steels. V. WSteels. Bars, Billets, 
Forgings, Plates, Sections, Sheets, Strip, Wire, Tubes.” 
4to, pp. 103. London, 1945: The Institution. (Price 

-) 


“ Raw Materials from 
Constructive Publica- 


7s. 6 
Gagsor, D. ‘ The Electron Microscope.” 
Hulton Press, Ltd. (Price 4s. 6d.) 
Hatt, N., and G. B. Hocasoom, jun. ‘“‘ Dictionary of Metal- 
Finishing Chemicals.” Pp. 129. New York, 1945: 
Metal Industry Publishing Co. (Price $3.00.) 


Hemstey, 8. H. “ Optical Instruments in Engineering.” 
Pp. viii + 80. London: Paul Elek, Ltd. (Price 7s. 6d.) 


Jounson, C. G. ‘ Metallurgy.” Second edition. Pp. 262. 
Chicago: American Technical Society. (Price $2.50.) 


Pp. 104. London: 


Juncos, I. R. ‘‘ Huperiencias sobre variacion de la textura 
microscépica de los metales durante el ensayo de traccién.” 
Pp. 34. Rosario, Argentina, 1944: Ministerio de justicia 
e instruccion publica. 


Seventh Edition, re- 
8vo, pp. vii + 1092. 


** Kingzett’s Chemical Encyclopedia.” 
vised and edited by R. K. Strong. 
London: Bailliére, Tindall and Cox. (Price 45s.) 


Lanpavu, D. “ Wear of Metals.’”” Second Edition. 
New York: The Nitralloy Corporation. 
Lea, F. C., and E. N. Stmons. “‘ The Machining of Steet 


Simply Haplained.”” London: Blackie and Son, Ltd. 
(Price 8s. 6d.) 


Pp. 85. 
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[References to the papers read before the Institute are indicated by the word Paper following the page number. 


The letter P. denotes 


a roference in Section I. of the Journal which contains the reports of the proceedings of meetings, the papers read, and the discussions 


thereon. 
Indexing of Alloy Steels and Other Alloys. 


The letter A. denotes a reference to the section dealing with abstracts. 
In the indexing of alloy steels, carbon and iron are ignored and the alloying elements contained 


in the steel are arranged in alphabetical order; for example all references to nickel-chromium-molybdenum steel will be found under the 


heading chromium-molybdenum-nickel steel. 


In the indexing of other alloys, carbon and iron, when present, are included in the title ; 


iron, when present, is always mentioned first and the other elements follow in alphabetical order, carbon being in all cases mentioned last. 
Examples: “‘ Iron-silicon-carbon alloys ’’ and ‘‘ iron-chromium-nickel-carbon alloys.’’] 


Absorptiometer, Hilger-Spekker, for analysis of stainless steel, 344. 
Accelerated-Precipitation Theory of stress-corrosion cracking, 704A. 
Acicular Cast Iron, production, 184, 
Acid Bessemer Process, theory and practice, 44. 
Acid Electric Furnace Practice, American, 5A. 
Acid Electric Furnace Process, 194. 
Acid Electric Steel : 
deoxidation, 5A. 
production, 22A4., 414. 
production with electrolytic manganese, 624. 
Acid Open-Hearth Furnaces, 754. 
Acid Open-Hearth Practice, methods of improvement, 414. 
Acid Open-Hearth Process, 754. 
Acid Open-Hearth Steel : 
deoxidation, 414. 
non-metallic inclusions, formation, 414. 
production with electrolytic manganese, 62A. 


Alloys (contd.)— 
cobalt-nickel-tungsten, electrodeposition, 79A. 
for engineering purposes, 364. (Book.) 
heat-resistant, for gas turbines, 534. 
iron, overstressing, 36A. (Book.) 
iron-aluminium-chromium, 364. (Book.) 
iron-aluminium-cobalt-copper-nickel, magnetic properties, effect 
of heat-treatment, 134. 
iron-aluminium-cobalt-nickel-titanium, magnetic properties, effect 
of heat-treatment, 134. 
iron-molybdenum-carbon, diffusion of molybdenum, 324. 
iron-silicon, oxidation at high temperatures, 334. 
magnet, properties, effect of heat-treatment, 134. 
tin-cadmium, creep tests, 534. 
tin-zine, electrodeposition, 80A. 
tungsten, electrodeposition, 50A. 
Alumina, see Refractory Materials. 


Acid Plating Baths, Fink and Lah type, for electrodeposition of | Aluminium ; 


alloys, 79A. 
Acid-Resistant Plastics, use in pickling equipment, 94. 
Acid Slag, open-hearth, fluidity tests, 364., 424. 
Ageing : 
cast iron, 29A, 
strain-, steel, effect of titanium, 51A. 
Agglutinating Tests for coking coal, 584. 
Agricultural Machinery, induction hardening, 664A. 
Air, control, in cupolas, use of air-weight instrument, 184. 
Air-Compressor Cylinders, casting, metal moulds for, 194. 
Air-Weight Instrument for air control in cupolas, 18A. 
Aircraft Castings, inspection methods, 34. 
Aircraft-Engine Bearings, electrodeposited coatings for, 104. 
Aircraft-Engine Crankshafts : 
malleable cast iron, damping capacity, 29A. 
nitriding, 254. 
Aircraft-Engine Cylinders, nitriding, 254. 
Aircraft-Engine Exhaust Manifolds, stainless steel, failure, 304. 
Aircraft-Engine Forgings : 
effect of overheating, 217 Paper. 
fracture tests, 544A. 
Aircraft-Engine Gears : 
heat-treatment, 654. 
nitriding, 254. 
processing methods, effect on fatigue strength, 654. 
Aircraft-Engine Parts : 
heat-treatment plant for, 65A. 
stainless steel, resistance-welding, 674. 
Aircraft-Engine Valves, facing, properties and use of Hatonite, 824, 
‘ Aircraft Engines : 
hardenability tests, 144. 
Magnaflux tests, 144. 
metals for, 144 
use of chromium plating, 14d. ~ : 
use of sintered carbides, 144. 
Aircraft Frames, materials for, 864. (Book.) 
Aircraft Parts, steel, centrifugal casting, 614. 
Aircraft Propeller Blades : 
experimental heat-treatment furnaces for, 774. 
manufacture, 654. 
Aircraft Steel, nitriding, 664. 
Al-Fin Process, bonding aluminium to cast iron and steel, 264. 
Alabama, cobalt-bearing manganese deposits, 14. 
Algoma, iron ore deposits, 724. 
Alloy-Treated Steel, comparison with alloy steel, 544. 
Alloying Elements : 
detection in steel by drop reactions, 344. 
effect on case depth of case-hardened steel, 64. 
effect on impact strength of cast steel at low temperatures, 284, 
effect in heat-treatment of steel, 434, 
in steel, determination of thermodynamic constants, 844. 
Alloys : 
analysis, spectrum, 33A4., 344. 
binary, calculation of gravity- and temperature-segregation, 
364. (Book.) 


additions to steel, factors affecting efficiency, 414. 
bonding to cast iron and steel, Al-Fin process, 26A. 
deoxidation of steel, spheroidization and graphitization relation- 
ship, 22A. . 
detection in steel by drop reactions, 344. 
ebicegi Ske in chromium-nickel steel by spectrum analysis, 
334, 
determination in iron and steel, 70A. 
determination in steel by spectrum analysis, 144., 714. 
effect on flowability of steel, 284. 
effect on impact strength of cast steel at low temperatures, 284. 
forged, applications in aircraft-engine manufacture, 144. 
impregnation in steel, 104. 
wartime production in America, 40A. 
Aluminium-Bronze, for welding electrodes, 464. 
Aluminium-Chromium-Molybdenum Steel, nitriding, 664. 
Aluminium-Clad Steel, spot-welding, measurement of electrical 
resistance, 67A. 
Aluminium Coating, by immersion method, 79A. 
American Foundrymen’s Association : 
moulding sand tests, 744. 
research on solidification rates of steel castings, 614. 
sintering tests of moulding sand, 614. 
American Iron and Steel Institute, types and analyses of stainless 
steel, 63A. 
American Society for Testing Materials, procedure for Jominy 
hardenability testing, 524. 
Ammonium Chloride, recovery during carbonization of coal, 59A. 
Analysis, 334., 70A. 
chemical, 354. (Book.) 
drop reaction, for detection of alloying elements in steel, 344. 
ferro-alloys, standard methods, 36A. (Book.) 
float-and-sink, South African coal, 374. 
iron, standard methods, 36A. (Book.) 
magnetic, for detection of defects in bars and tubes, 694A. 
micro-, application of X-rays, 844. 
polarographic, determination of nickel in steel and nickel ores, 
T1A. 
semi-micro, 35A. (Book.) 
spectrum, 354. (Book.) 
spectrum, alloys, 334., 344. 
spectrum, chromium-nickel steel, 334A. 
spectrum, determination of aluminium in steel, 144., 714. 
spectrum, determination of calcium in iron, 383A. 
spectrum, determination of metallic impurities in steel, 714. 
spectrum, determination of titanium in iron and alloy steels, 
WAG 
spectrum, evaluation of data by statistical methods, T0A,. 
spectrum, semi-automatic accessory apparatus, 714. 
stainless steel, absorptiometric method, 344, 
steel, standard methods, 36A. (Book.) 
weld metal, 454. 
X-ray, 164. (Book.) 2 
X-ray diffraction, compounds in lime-magnesia-silica system, 
57A, 
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Annealing : 
alloy steels, 664. 
stainless steel, 434. 
steel, 854. (Book.) 
welded boilers, 7A. 
whiteheart malleable cast iron by gas process, 34, 
wire, 7A. 
Annealing Furnaces, for welded boilers, 74. 
Annual Meeting, proceedings, 1P. 
Anodes, insoluble, use in electrodeposition, 484. 
Anti-Fouling Compositions, methods of assessment, 114. 
Are Welding, clectro-physics, 454. 
Arc Furnaces, see Electric Furnaces. 
Arizona : 
manganese deposits, 14. 
tungsten deposits, 1A. 
Arsenic, determination in ferro-alloys, 344. 
Ash, in coal and coke, electric furnace for determination, 344, 
Assel Process, seamless-tube production, 654. 
Associates, election, 8P. 
Atlas Steel Castings Co., steel production, use of electrolytic 
manganese, 62A. 
Atmospheres: 
preparation, for carburization of steel, 434. 
protective, use in heat-treatment furnaces, TA. 
Atmospheric Corrosion : 
factors affecting rate of attack, 55.4. 
low alloy steels, 554. 
Atomic Structure, steel, examination, use of X-ray powder photo- 
graphs, 834. 
Austenite : 
decomposition in steel, 85A. 
decomposition in steel, coalescence of cemenite, 244. 
effect on properties of carbon steel, 504. 
isothermal transformation, 24A. 
isothermal transformation in chromium steel, 32A. 
retained, in high-speed steel, determination by Magnafiux method, 
15A. 
transformation at low temperatures, 26A. 
Australia, wartime steel specifications, 544. 
Australian Iron and Steel Ltd., development of Western Australian 
iron-ore deposits, 724. 
Automobile Parts : 
forging, 64A. 
plated, wear, 104. 


Babcock and Wilcox Tube Co. : 
detection of flaws in tubes, 8A. 
tube mills, 8A. 
Balls : 
quenching, time-temperature-volume relationships, 264, 
wear, in grinding mills, 314. 
Bar Mills, 234., 644. 


Bars : 
chromium-molybdenum-nickel steel, bend tests, 514. 


cooling beds for, 234. 
defects in, detection by magnetic analysis, 694. 
heating, time-temperature charts, 654. 
hot-rolled, properties before and after cold-drawing, 144, 
magnetic comparators for, 134A. 
quality control by statistical methods, 214. 
steel, determination of critical forging temperature, 224. 
steel, magnetic sorting, 134. 
steel, magnetic tests, 134. 
steel, magnetic tests, use of Cyclograph apparatus, 134. 
supersonic testing, 332P. 
welded, distortion, 464. 
Barvoys Process of coal cleaning, 584. 
Basic Bessemer Process, theory and practice, 4A. 
Basic Bessemer Steel, production of very clean ingots, 62A. 
Basic Electric Furnace Process, 194. 
Basic Electric Steel ; 
production, 224. 
production in America, 1940-1945, 5A. 
silicate inclusions, origin and formation, 424. 
Basic Open-Hearth Practice : 
control methods, 40A. 
Steel Co. of Canada, 40A. 
Basic Open-Hearth Furnaces : 
design and developments, 40A., 
maintenance and repair, 404. 
Basic Slag : 
mineralogy, 355P. 
X-ray examination, 135P. 
Baum Washer for cleaning coal, 24. 
Bend-Fatigue Tests : 
chromium-molybdenum flash-welded steel, 78 A. 
weld metal, 464. 


Bend Tests : 
micro-, 134. 
welds, cast steel, 78A. 
yield point of bars and tubes, 514A. 
Bentonite, effect in moulding sand, 744. 
Benzole, from coke-oven gas, method of increasing yield, 384. 
Benzole Absorption Oil, corrosive action, 334A. 
Beryllium, applications in aircraft-engine manufacture, 144, 
Bessemer Gold Medal, awarded to J. 8. Hollings, 3P. 
Bessemer Process : 
acid and basic, theory and practice, 44. 
cast steel production, 19A. 
Bessemer Steel, basic, production of very clean ingots, 624. 
Bethlehem Steel Co. : 
bar mills, 23A. 
casting bronze blast-furnace tuyeres, 744. 
electric power distribution, 404. 
radiant-tube furnaces, 104A. 
Bibliography, 36A., 864. 
American steel foundries, 19A. 
British steel foundries, 19A. 
corrosion, 70A. 
cutting of metals, 854. 
fluidity tests for acid open-hearth slag, 364., 424. 
gaseous carburization, 7A. 
non-destructive methods for testing steel castings, 504. 
Russian steel foundries, 194, 
wire manufacture, 43A. 
Young’s modulus, 804. 
Billets : 
defects in, detection by Sperry supersonic reflectoscope, 68A. 
quality control by statistical methods, 214. 
supersonic testing, 332P. 
Biographical Notes : 
W.H. Hatfield, 375P. 
George B. Waterhouse, 376P. 
Blackplate, lacquering and decorating methods, 804A. 
Blast-Furnace Blowers, steam and gas driven, 174. 
Blast-Furnace Coke, properties, 17.4. 
Blast-Furnace Gas : 
applications, 185P. 
cleaning, Dovel plant, 724. 
effect of cleanliness, 188P. 
evaluation of efficiency, 24. 
oxygen-enriched, use as fuel in open-hearth furnaces, 374. 
properties, 724. 
utilization in Great Britain, 38A. 
Blast-Furnace Plant : 
design and developments, 17A. 
Wheeling Steel Corporation, 854. (Book.) 
Blast-Furnace Practice : 
developments, 17A. 
effect of increased top pressure, 734. 
effect of nodulizing, 37A. 
effect of ore beneficiation, 37A. 
effect of sinter, 837A. 
factors affecting operation and output, 59A. 
France, 59A. 
Great Britain, 59A. 
use of sinter, 174. 
Blast-Furnaces : 
bears, removal, 734. 
behaviour of manganese, 734. 
behaviour of silicon, 734. 
blowing out, 59A. 
carbon bricks for, 574A. 
carbon deposition, 73A. 
clay gun for plugging tapholes, 734. 
cooling plates, design of withdrawal lugs, 384. 
design in France, 59A. 
reduction and carburization of iron, 734A. 
. removal from Florida to Texas, 18A. 
thermal principles, 73A. 
tuyeres, casting, 744. 
ner ioeme he in, detection by Sperry supersonic reflectoscope, 
Boiler Plates, intercrystalline cracking, effect of silica/sodium- 
.. hydroxide ratio in feed water, 554. 
Boiler Steel, creep tests, German methods, 824. 
Boilers : 
cast-iron sectional, corrosion, 704A. 
coal-fired, pombe control, 58A. 
operation and maintenance, 36A., 714. : 
welded, annealing, 74. : ea oe 
Bolts ; 
cold-heading, life of dies for, 22.4. 
electrical equipment for manufacture, 6A. 
precision, manufacture, 64. ‘ 
Bomb Boxes, automatic arc welding, 8A. 
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Bombs: 

spinning, 764. 

X-ray examination, 544. 
Bonderizing, parts, conveyor system for, 804. 
Bonding, aluminium to cast iron and steel, Al-Fin process, 264. 
Book Notices, 164., 354., 564., 714., 854. 
Boron, effect on hardenability of carbon steel, 294. 
Brackelsburg Furnaces, for production of malleable castings, 194. 
Brakes, hydraulic, casting, metal moulds for, 194. 
Brazing : 

high-speed steel, 67A. 

methods and applications, 264., 474., 674. 

tungsten carbide tools, 26A4., 674A. 
Brinell Hardness, relation to tensile strength, grey cast iron, 274. 
Brinell Hardness Testing Machines, 524. 
British Empire, shale oil production, 174. 
British Iron and Steel Research Association, research work, 634. 
B.N.F. ace Test, for determination of thickness of zinc coatings, 
British Standard Swelling Test for coking coal, limitations, 584. 
British Welding Research Association, research work, 45A. 
Brittle Fractures : 

effect of combined stresses, 28A. 

materials, 52A. 

welded structures, 784A. 
Brittleness : 

east steel, 124. 

materials, research at Renault Works, 52A. 

soldered steel, 364. (Book.) 

temper, chromium-molybdenum-vanadium steel, 814. 

temper, steel, 32A., 534. 
Brockhouse, John and Co., history and development, 60A. 
Broken Hill Proprietary Co., Ltd. : 

coal-cleaning plant, 584. 

electric welding, construction and maintenance, 67A., 
Brymbo Steel Co., Ltd., electric arc furnace plant, 224. 
Bureau for Technical Nomenclature, Sweden, strength of materials, 

definitions and terms, 83A. 

Burners, ceramic, for heat-treatment furnaces, 254. 
Burning : 

chromium-molybdenum-nickel steel, 255 Paper. 

steel, 237 Paper. 

steel, test for, 259 Paper. 
Bursting, iron-oxide, resistance of chrome-magnesite bricks, 57A. 
Bushes, centrifugal casting, 214. 
By-Products Recovery Plants, comparison of practice at gas works 

and coke-oven plants, 2A, 


Cadmium Coating, by immersion method, 794A. 
Calcium : 
determination in iron by spectrum analysis, 334. 
properties and production, 714. (Book,) 
Calcium-Oxide /Manganese-Oxide System, X-ray survey, 224. 
California : 
chromite deposits, 1A. 
manganese deposits, 1A. 
mercury deposits, 1A. 
Carbide Tools : 
induction brazing, 264. 
for milling cast iron, 9A., 27A. 
for milling steel, 94. 
selection and uses, 27A. 
wartime developments in America, 9A. 
Carbides : 
effect in steel, 844. 
sintered, applications in aircraft-engine manufacture, 144. 
Carbon : 
deposition in blast-furnaces, 73A. 
determination in acid electric furnace practice, 344. 
determination in iron and steel, 704A. 
diffusion in steel, 144. 
effect on creep strength of steel, 134. 
effect on damping capacity of steel, 52.4. 
effect on hardenability of steel, 144. 
effect on impact strength of steel, 144. 
effect on tensile strength of steel, 144. 
Carbon-Molybdenum Steel, creep, in high-temperature steam, 82A. 
Carbon-Molybdenum Steel Tubes, graphitization in high-temperature 
steam, 694A. 
Carbon Monoxide, evolution from cast steel, 30A. 
Carbon Refractories, see Refractory Materials. 
Carbon Saturation, cast iron, 27A. 
Carbon Steel : 
aluminium-killed, determination of superheating sensitivity, 144. 
British Standards Institution schedule, 86A. (Book.) 
creep tests, in air furnaces, 144. 
creep tests, correlation of short-time and long-time, 814. 
decarburization, 25A. 


Carbon Steel (contd.)— 
diffusion of carbon, 144A, 
diffusion of phosphorus, 144. 
electrolytic polishing, 484. 
hardenability, effect of boron, 294. 
hardenability and transformation characteristics, 254. 
hardness tests, effect of prolonged heating, 534. 
hot- and cold-workability, 684. 
nitriding, 664. 
properties, effect of austenite, 504. 
properties, effect of combined stresses, 504. 
semi-killed, effect of variables on surface and yield, 414. 
strain-ageing, effect of titanium, 514. 
strain-sensitivity, effect of deoxidation, 414, 
stress-strain properties, effect of cold-rolling, 28A. 
structure, changes during prolonged heating, 534. 
tensile tests, 504. 
time-elongation curves, at high temperatures, 134. 
weldability, 664A. 
Carbonization : 
coal, recovery of ammonium chloride, 594. 
shale, 174. 
torbanite, 17A. 
Carbonization Process, utilization of waste heat, 17A. 
Carburization : 
gaseous, bibliography, 74. 
gaseous, steel, 654. 
gaseous, theory and practice, 7A. 
Homo-Carb furnaces, 43A. 
iron in blast-furnaces, 734. 
liquid, 254, 
steel, preparation of atmospheres, 434. 
theory, 774. 
Case-Hardened Steel : 
effect of alloying elements on case depth, 64. 
measurement of case depth, 64., 244. 
Cast Iron : 
acicular, production, 18A. 
ageing, 294. 
bonding to aluminium, Al-Fin process, 264. 
carbon saturation, 27A. 
chilled, use of tellurium, 734. 
chromium-molybdenum-nickel, endurance limit, effect of heat 
treatment, 68A. 
cleaning, for enamelling, 94. 
cleaning, Kolene process, 9A. 
cold-welding, 464, 
for constructional work, 36A. (Book.) 
Cromol, for crankshafts, 514. 
determination of manganese, phosphorus, and silicon, 344. 
effect of gas content, 30A. 
effect of residual elements, 30A. 
effect of sulphur, 804. 
etching, 544. 
flame-hardening, 254. 
graphitization, 694. 
grey, Brinell hardness and tensile strength relationships, 27A. 
grey, review of production methods, 1914-1944, 184. 
grey, wartime production in America, 184. 
hardenability, 814. 
high-duty, production, 60A. 
machining tests, 9A., 27A. 
malleable, see Malleable Cast Iron. 
martensitic, production, 184. 
Meehanite, effect of heat-treatment processes, 774. 
melting, for malleable castings, 194. 
microstructure, 84A. 
milling with carbide tools, 9A., 274. 
molybdenum-nickel, endurance limit, effect of heat-treatment, 
684, 
Ni-tensyl, production, 184. 
oxy-acetylene welding, 36A., 714. (Book.) 
preparation for tinning, 49A. 
production, Meehanite process, 184. 
production, Thyssen-Emmel process, 18A. 
properties, 27A. 
properties, effect of manganese, 314. 
rolling, Nipper process, 274. 
tensile strength, 27A. 
tensile strength, effect of graphite, 514. 
tinning, 360P., 49A. 
welding, 36A. (Book.) 
Cast Steel : 
brittleness, 124. 
evolution of gases, 30A. : 
impact strength at low temperatures, effect of alloying elements, 
28A. 
intergranular fracture, 124. 
production, Bessemer process, 194. 
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Cast Steel (contd.)— 
weldability tests, 8A., 78A. 
welded, bend tests, 784. 
Casting : 
bronze blast-furnace tuyeres, 744, 
centrifugal, effect on properties and structure of steel, 614A. 
centrifugal, gun barrels, research work, 614. 
centrifugal, patented processes, 211A. 
centrifugal, steel for aircraft parts, 614. 
design, in Russia, 204A. 
grey-iron engine-bed, 734. 
ingot moulds, 744. 
ingots, methods used, 1880-1890, 414. 
Meehanite cast-iron crankshafts, 74A. 
precision, lost-wax process, 204., 744. 
precision, use of plastics, 204, 
pump castings, equipment and methods, 744. 
steel test bars, 60A. 
Casting-Pit Sampling, liquid steel, 634. 
Casting Properties, iron, effect of weather conditions, 734. 
Castings : 
centrifugal, tests, 614. 
cleaning, Hydro-blast system, 474, 
cleaning, use of iron chippings and steel turnings, 474. 
cleaning, vacuum equipment, 75A. 
feeding, 614. 
for pumps, moulding and casting, equipment and methods, 744. 
grey-iron, high quality, production, 73A. 
grey-iron, metal moulds for, 19A. 
grey-iron, review of production methods, 1914-1944, 18A. 
grey-iron, wartime production in America, 184. 
inspection methods, 394. 
iron, surface hardening, 434A. 
Ni-hard iron, cause of blowholes, 204. 
non-destructive tests, 814. 
porous, sealing with Laminac, 744. 
steel, for aircraft, inspection methods, 3A. 
steel, American wartime production and developments, 60A. 
steel, causes of cracks, 194. 
steel, defects, elimination, 41A. 
steel, defects, removal by flame-gouging, 394. 
steel, defects, removal by oxy-acetylene cutting, 27A. 
steel, defects, removal methods, 394A. 
steel, examination by gamma-radiography, 324. 
steel, feeding, gas pressure method, 20A., 614. 
steel, feeding, use of Kayell, 20A., 614. 
steel, gating and feeding, 34. 
steel, high quality, production, 194., 39A. 
steel, non-destructive tests, 504. 
steel, properties and tests, 604. 
steel, repair, 39A. 
steel, solidification rates, 61A. 
steel, thin-walled, effect of pouring speed, 604, 
supersonic testing, 335P. 
X-ray examination, 324. 
Cathode-Ray Oscillograph, use in obtaining photo-records of cooling 
curves of quenching oils, 664. 
Cathodic Protection, use of zinc, 164. 
Cellophane, use in preparation of oxide prints, 15A. 
Cement, use in core and moulding sands, 20A. 
Cementation, metallic, 10A. 
Cementite, coalescence, in decomposition of austenite, 244, 
Centrifugal Force, application in cleaning fine coal, 17A. 
Chains : 
production, Heenan plant, 474. 
welding machines for, 474. 
Charging Equipment : 
for cupolas, 60A. 
for heat-treatment furnaces, 774. 
oil-operated, for reheating furnaces, 634. 
Chemicals, for metal finishing, 86A. (Dictionary.) 
Chilled Cast Iron, use of tellurium, 734. 
China : 
foundry practice, wartime developments, 604. 
iron and steel industry, 44. 
Chrome-Magnesite Bricks, see Refractory Materials. 
Chromite Deposits, California, 1A. 
Chromium : 
detection in steel by drop reactions, 344, P 
ep in chromium-nickel steel by spectrum analysis, 
383A. 
determination in iron and steel, 70A. 
determination in stainless steel, 344. 
effect on creep strength of steel, 134. 
effect on damping capacity of steel, 524. 
effect on hardenability of steel, 29A., 684A. 
effect on impact strength of cast steel at low temperatures, 284, 
electrodeposition, 10A., 494. 
electrodeposition, use of Hull cell, 794. 


Chromium (contd.)— 
impregnation in steel, 10A. 
wartime production in America, 404. 
Chromium Coatings ; 
electrodeposited, use in corrosion prevention, 494, 
porous, for internal combustion engine cylinders, 104. 
Chromium-Manganese Steel : 
properties and heat-treatment, German developments, 544. 
temper-colour process for revealing structure, 154. 
Chromium-Molybdenum-Nickel Cast Iron, endurance limit, effect of 
heat-treatment, 684, 
Chromium-Molybdenum-Nickel Steel : 
bend tests, 514. 
critical points, determination by dilatometric method, 324. 
effect of hydrogen on isothermal transformations, 96P. 
effect of initial heating temperature on properties, 454. 
forging, 644. 
for gas turbines, 82A. 
nitriding, 66A. 
overheating and burning, 255 Paper. 
oxy-acetylene cutting, 67A. 
spot-welding, 264. 
welded, hardness tests, 674A. 
welded, impact tests, 674. 
welded, tensile tests, 674A. 
welding, 84., 674. 
Chromium-Molybdenum Steel : 
corrosion-fatigue, study by sulphur-print method, 524. 
creep tests, in air furnaces, 144. 
damage curves, 124. 
flash-welded, fatigue properties, 78A. 
fluidity tests, 214. 
heat-treatment, 66A. 
nitriding, 66A. 
properties, effect of nickel, 314. 
properties, for mining industry, 544. 
shot-peened, fatigue, examination by X-ray diffraction, 52A. 
time-elongation curves, at high temperatures, 134. 
welded, causes of cracks, 26A. 
Wohler, curves, 12A. 
Chromium-Molybdenum Steel Tubes, bend tests, 514. 
Chromium-Molybdenum-Titanium Steel : 
high-temperature strength, effect of composition, 304. 
impact strength, effect of composition, 304. 
Chromium-Molybdenum-Tungsten-Vanadium Steel, retained aus- 
tenite, determination by Magnaflux method, 154. 
Chromium-Molybdenum-Vanadium Steel : 
creep tests, in air furnaces, 144. 
impact tests, 814. 
temper brittleness, 81A. 
Chromium-Nickel Steel : 
case-hardened, measurement of case depth, 244. 
creep tests, 82A. 
hardenability and transformation characteristics, 25A. 
heat-resistant, properties, 314. 
heat-resistant, scaling resistance, 314. 
spectrum analysis, 334. 
temper-colour process, for revealing structure, 154. 
time-elongation curves, at high temperatures, 134. 
Chromium Ore Deposits, Cuba, 14. 
Chromium Plating, applications in aircraft-engine manufacture, 144. 
Chromium Steel : 
effect of water-quenching, 264. 
isothermal transformation of austenite, 324. 
isothermal transformation diagrams, 324A. 
production from laterite ore in are furnace, 62A. 
transformations, effects of time and temperature, 324. 
Chromium-Vanadium Steel, effect of water-quenching, 264. 
Chrysler Corporation, heat-treatment plant, 654. 
Clad Steel, aluminium; spot welding, measurement of electrical re- 
sistance, 67A. 
Clay, bonding, British, 194. 
Clay Gun, for plugging blast-furnace tapholes, 734. 
Cleaning : 
blast-furnace gas, Dovel plant, 724. 
cast iron, for enamelling, 94. 
cast iron, Kolene process, 9A, 
castings, Hydro-blast system, 474. 
castings, use of iron chippings and steel turnings, 474. 
castings, vacuum equipment, 75A. 
coal, Barvoys process, 584. 
coal, Baum washer, 2A, 
coal, de Vooys process, 24. 
coal, Rheolaveur process, 2A, 
coal, separation of middlings, economic limits, 584. 
coal, Tromp process, 2A. 
coal, use of cyclone washer, 174. 
cupola gas, 19A, 
metals, 94., 47A., 78A. 
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Cleaning (contd.)— 
metals, comparison of methods, 94. 
metals, selection of process, 48A. 
metals, by shot-blasting, 94. 
nails, 794, 
wire, salt baths for, 774. 
Cleaning Solutions, use of glycerine, 474. 
Coal, 36A. (Book.) 
carbonization, recovery of ammonium chloride, 59A. 
cleaning, Barvoys process, 584. 
cleaning, Baum washer, 24. 
cleaning, de Vooys process, 24. 
cleaning, Rheolaveur process, 24. 
cleaning, separation of middlings, economic limits, 584. 
cleaning, Tromp process, 24. 
cleaning, use of cyclone washer, 174. 
coking, agglutinating tests, 584. 
coking, British Standard swelling test, limitations, 584. 
coking, resources in Derbyshire, 374. 
coking, resources in Nottinghamshire, 374. 
coking, resources in Yorkshire, 374. 
coking tests, 374. 
combustion control, 584. 
determination of ash im electric furnace, 344. 
effect of moisture on coking properties, 724. 
float-and-sink analysis, 374. 
properties and utilization, 854. (Book.) 
pulverized, use in forge furnaces, 584. 
swelling, British Standard test, limitations, 584. 
swelling power, 724. 
Coal-Cleaning Plant : 
Broken Hill Proprietary Co., Ltd., 584. 
Manvers Main Colleries Ltd., 24. 
Coal Deposits : 
England, 374., 724. 
Grand Lake, New Brunswick, 37A. 
Witbank, South Africa, 374. 
Coal Dust, effect in moulding sand, 204. 
Coating : 
metallic, by immersion method, 79A. 
metals, 10A., 48A., 79A. 
Coatings : 
brittle, use in stress determination, 514. 
chromium, electrodeposited, use in corrosion prevention, 49A. 
chromium, porous, for internal-combustion-engine cylinders, 10A. 
electrodeposited, adherence properties, 104. 
electrodeposited, for aircraft-engine bearings, 104. 
electrodeposited, effect of surface films, 94. 
electrodeposited, on seamless tubes, Ekko process, 794. 
electrodeposited, on stainless steel, review of methods, 494. 
electrodeposited, on strip, 484. 
electrodeposited, thickness, nomographs for calculating, 504. 
enamel, porcelain, properties, 114. 
enamel, on steel, improving adhesion by use of nickel undercoat, 
494A, 3 
lacquer, for blackplate and tinplate, 804. 
lacquer, for petrol tanks, German methods of application, 80A. 
lead on steel, protective value, 80A. 
lead-tin, on steel, protective value, 804. 
metal, thickness measurement by X-ray micrometer, 234. 
nickel, on steel, etching, 324. 
nickel, on steel, for improving adhesion of enamel, 494. 
non-magnetic, on steel, determination of thickness, 11A4., 814. 
paint, corrosion-resistant, properties, 114A. 
paint, durability on iron and steel, effect of pretreatment methods, 
48A. 
paint, on galvanized steel, methods to improve adhesion, 50A. 
. plastic, for steel parts, 80A. 
sprayed metal, formation and adhesion, 114. 
sprayed metal, properties, 504. 
synthetic resin, 10A., 114. 
synthetic resin, for petrol tanks, German methods of application, 
80A. 
tin, on food containers, American wartime standards, 104A, 
tin, fusion, 10A. 
tin, research, 49A. 
welding oat manufacture by powder metallurgy process, 
8A., 47A. 
zine, corrosion resistance, improving by Cronak process, 494, 
zinc, properties and tests, 494. 
zine, thickness, measurement by B.N.F, jet test, 50A. 
Cobalt : 
detection by spot tests, 344. 
detection in steel by drop reactions, 34A. 
determination in iron and steel, 70A. 
production, Krupp-Renn process, 384., 59A. 
Cobalt-Nickel-Tungsten Alloys, electrodeposition, 79A. 
Cobalt Steel, magnetic properties, effect of mass and heat-treatment, 
30. 


or 


Coke : 
for blast-furnaces, properties, 174. 
consumption in cupolas, 18A., 194. 
determination of ash in electric furnace, 34A. 
dry-cooling, Swiss practice, 384. 
use in blowing out blast-furnaces, 594. 
Coke-Oven Gas : 
benzole recovery, method of increasing yield, 384. 
evaluation of efficiency, 2A. 
preparation for towns use, 2A. 
utilization in Great Britain, 384. 
Coke-Oven Plants : 
design and developments, 2A., 17A, 
failures and repair work, 2A. 
organization and costing system, 24. 
Coke-Oven Practice : 
developments, 174. 
in Great Britain, 59A. 
Coke-Oven Regenerators, 584. 
Coking Coal : 
resources in Derbyshire, 374. 
resources in Nottinghamshire, 374. 
resources in Yorkshire, 374. 
resources at Witbank, South Africa, 374. 
Coking Properties, coal, effect of moisture, 724. 
Coking Tests, South African coal, 374. 
Cold-Heading, bolts, life of dies for, 224. 
Cold-Rolled Manganese Steel, properties, 314. 
Cold-Rolling : 
effect on stainless steel, 764. 
effect on stress-strain properties of carbon steel, 284. 
factors affecting yield stress, 234. : 
sheet and strip, British practice, 644. 
Cold-Work : 
effect on creep strength of thin-walled steel tubes, 144. 
effect on damping capacity of steel, 524A, 
Cold-Workability, high-tensile steel, 684. 
Colorado, vanadium deposits, 14. 
Colorado Interstate Gas Co., cathodic protection of pipe lines, use of 
zine, 16A. 
Columbia Steel Co., foundry plant, 44. 
Combustion Control : 
coal, 584A. 
in furnaces, 58A. 
in internal combustion engines, 58A. 
Comparators, magnetic, for bars, 134. 
Compression Strength, foamed-slag concrete, 3A. 
Concentration Plant, iron ore, Mount Hope Mine, New Jersey, 374. 
Concrete, slag, compression strength and specific gravity, 34. 
Connors Steel Co., electric steel production, 634. 
Consolidated Mining and Smelting Co. of Canada Ltd., foundry 
practice, 60A. 
Consolidated Vultee Aircraft Corporation, tool steel classifications, 834. 
Contact-Print Process, for detection of phosphorus segregations in 
iron and steel, 364. (Book.) 
Contour-Forming Machines for sheet metals, 434. 
Control : 
air, in cupolas, use of air-weight instrument, 184. 
automatic, open-hearth furnace reversal, 414., 62A, 
combustion, coal, 584. 
combustion, in furnaces, 58A. 
combustion, in internal combustion engines, 584. 
core sand, 39A. 
dust in industry, 85A. (Book.) 
electro-hydraulic, electric furnaces, 634. 
electronic, machinery in iron and steel plants, 234. 
flame radiation in open-hearth furnaces, 414. 
fuel consumption, German wartime methods, 174, 
gaseous fuel consumption in furnaces, 17A. 
heat transfer in industrial plants, 174. 
moulding sand, 19A., 39A., 744. 
production, in foundries, 394, 
quality, for engineers, 364. (Book.) 
quality, flash welding, 464. 
quality, in foundries, 44. 
quality, grey iron castings, 734. 
quality, spot welds, statistical methods, 674. 
quality, statistical methods, 134., 214A, ; 
quality, statistical methods, metal stampings, 764. 
quality, statistical methods, refractory materials, 57A. 
silicon, in Tysland-Hole electric furnace, 384. 
slag, 414. 
Control Instruments, for soaking pits, 634. 
Conveyor Systems : 
for bonderizing parts, 804. 
for foundries, installation factors, 60A. 
Conveyors : ~ 
for heat-treatment furnaces, 774. 
sand, dust removal, 614. 
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Cooling, dry-, coke, Swiss practice, 384. 
Cooling Beds, 234. 
Cooling Curves, quenching oils, photo-records, use of cathode-ray 
oscillograph, 66A. 
Cooling Plates, blast-furnace, design of withdrawal lugs, 384. 
Copper : 
detection in steel by drop reactions, 344. 
determination in iron and steel, 70A. 
determination in steel, rapid method, 714. 
diffusion in steel, 20A. 
preparation of surfaces for electrodeposition of chromium, use of 
Hull cell, 79A. 
production, Krupp-Renn process, 384., 594. 
wartime production in America, 404. 
Copper Coating, by immersion method, 794. 
Cor-Ten Steel, hot- and cold-workability, 68A. 
Core Binders : 
cereal, effect in core sand, 614. 
properties and tests, 194., 204. 
use of cement, 20A. 
use of plastics, 204. 
use of synthetic resin, 744. 
Core-Blowing Machines, 614. 
Core Laminations, magnetic, for electric motors, manufacture, 224, 
Core-Making Machines, 614. 
Core Oil, properties and tests, 19A. 
Core Sand : 
control, 394. 
effect of cereal core binders, 61A. 
tests, 394. 
use of cement, 20A. 
use of synthetic resin as binder, 744. 
Core Washes, use of tellurium, 204. 
Cores : 
production, 184, 
for small castings, fixing methods, 744. 
Corrodibility, metals, 274. 
Corrosion : 
atmospheric, factors affecting rate of attack, 554. 
atmospheric, low alloy steels, 55A. 
by benzole absorption oil, 33A. 
cast-iron sectional boilers, 70A. 
coupled metals, in water, measuring apparatus, 55/4. 
immersed, factors affecting rate of attack, 554. 
iron, by hydrogen chloride, 70A. 
iron, by hydrogen sulphide, 70A. 
low-alloy steels, 55A. 
iron, research in Britain, 554. 
marine, testing station, North Carolina, 56A. 
measurement, 294A. 
mechanism, 334. 
metals, by steam and water, methods of reducing, 554. 
prevention, light-gauge steel structures, 564. 
prevention, use of electrodeposited chromium coatings, 494. 
review of literature, 70A. 
stainless-steel tubes, by naphtha, 164. 
steel, by hydrogen chloride, 704. 
steel, by hydrogen sulphide, 70A. 
steel, methods of prevention, 36A. (Book.) 
steel, research in Britain, 55A. 
wrought iron, methods of prevention, 36A. (Book.) 
zine-iron couples in soil, 564A, 
Corrosion Cracking : 
stress-, metals, 36A. ( Book.) 
stress-, mild steel, accelerated-precipitation theory, 70A. 
Corrosion-Fatigue, chromium-molybdenum steel, study by sulphur- 
print method, 52A. 
Corrosion Resistance : 
effect of phosphatization, 504. 
lead and lead-tin coatings on steel, 80A. 
materials, research in Russia, 554A. 
plated surfaces, 94. 
stainless steel, 144. 
zine coatings, improving by Cronak process, 49A. 
Corrosion-Resistant Paint Coatings, properties, 114. 
Corrosion-Resistant Steel, determination of zinc, 344. 
Corrosion-Resistant Sucker Rods, for oil wells, 16A. 
Corrosion Testing Machine, 294. 
Corrosion Tests, total immersion, apparatus, 704A. 
Costa Rica, manganese deposits, 1A. 
Costing, foundry, 44., 39A. 
Costing Systems : 
for coke-oven plants, 24. 
for forging dies, 224. 
Costs : 
are welding, 664A. 
oxy-acetylene cutting, methods of reduction, 684. 
production, reduction in manufacture of thick-walled pipes, 654. 
shearing of plates, 234. 


Coulomb Micro-Pendulum : 
for measurement of internal friction, 284. 
for micro-impact tests, 134. 
Council Report, 18P. 
Cracking : 
intererystalline, boiler plates, effect of silica /sodium-hydroxide 
ratio in feed water, 55A. 
quench, alloy steel, relation to hardenability, 814. 
stress-corrosion, metals, 364. (Book.) 
stress-corrosion, mild steel, accelerated-precipitation theory, 70A. 
Cracks : 
detection, magnetic powder method, 534. 
detection, Metrolux method, 534A. 
detection, use of supersonic waves, 319 Paper. 
formation in welded chromium-molybdenum steel, 264. 
in ground metal surfaces, detection, QA. 
hair-line, formation in steel, 99P. 
in steel, methods of detection, 31A4., 814. 
in steel castings, causes, 194. 
in welds, detection by hammer tests, 84. 
in welds, detection by modified Magnaflux method, 84. 
in welds, detection by X-rays, 264. 
in welds, effect of hydrogen, 45A. 
see also Defects, Flaws. 
Cranes, electric, safety precautions, 224. 
Crankshafts : 
aircraft-engine, malleable cast iron, damping capacity, 294. 
aircraft-engine, nitriding, 254. 
Cromol cast iron, 514. 
Meehanite cast iron, casting, 744. 
testing, magnetic powder method, 534. 
testing, use of plastic models, 514. 
Creep : 
carbon-molybdenum steel, in high-temperature steam, 824. 
metals, 814A, 
steel, effect of grain size, 82A. 
steel, effect of heat-treatment, 824. 
Creep Resistance, steel, 824. 
Creep Strength : 
steel, effect of elements, 134. 
steel, effect of heat-treatment, 13A., 82A. 
Creep Testing Machines, 134., 824. 
Creep Tests, 304. 
alloy steel, in air furnaces, 144. 
boiler steel, German methods, 824. 
carbon steel, correlation of short-time and long-time, 814, 
chromium-nickel steel, 824. 
high-temperature, 13A., 535A. 
steel, 69A. 
thin-walled steel tubes, effect of cold-work, 144. 
thin-walled steel tubes, effect of heat-treatment, 14A. 
tin-cadmium alloys, 534. 
Critical Points, chromium-molybdenum-nickel steel, determination 
by dilatometric method, 324. 
Critical Temperature, for forging steel bars, determination, 224. 
Cromol Cast Iron, for crankshafts, 514. 
Cronak uinend to improve corrosion resistance of zine coatings, 
49A, 
Crucibles : 
for induction melting, failure, 414. 
production for steel manufacture, 574, 
use in production of sponge iron, 3A. 
Cuba : 
chromium ore deposits, 1A. 
manganese deposits, 1A. 
tungsten deposits, 1A. 
Cumberland, coal deposits, 724. 
Cupola Gas, cleaning, 194. 
Cupola Practice, 184. 
effect of hot blast on coke consumption, 184., 19A. 
effect of substituting dolomite for limestone as flux, 184. 
Cupola Slag, properties, 184. 
Cupolas : 
air control, use of air-weight instrument, 184. 
behaviour of charge materials, 3.4. 
charging equipment, design, 60A. 
dust collecting systems, 194. 
hot-blast, operation, 184., 194. 
method of igniting, 184. 
slag-metal reactions, 184. 
Curtiss-Wright Corporation, plant and processes for production of 
aircraft propeller blades, 654, 
Cutting : 
flame-, developments, 27A. 
metals, bibliography, 854. 
oxy-acetylene, alloy steels, 784. 
oxy-acetylene, applications in steel plants, 274. 
oxy-acetylene, chromium-molybdenum-nickel steel, 674. 
oxy-acetylene, equipment, 84. 
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Cutting (contd.)— 

oxy-acetylene, methods for increasing production and decreasing 

costs, 684. 

oxy-acetylene, for removal of defects in steel castings, 274. 
Cutting Machines : 

flame-, 274., 684. 

oxy-acetylene, German, 474, 
Cutting Tools : 

earbide, for milling cast iron, 9A., 27A. 

carbide, for milling steel, 94. 

carbide, selection and uses, 274. 

treatment, selection, and use, 9A. 

wartime developments in America, 9A. 


Cyclograph Apparatus, for magnetic testing of steel bars, 134. 
Cyclone Washer for cleaning coal, 17A. 
Cylinder Liners, induction hardening, 7A. 
Cylinders : 
air-compressor, casting, metal moulds for, 194. 
aircraft-engine, nitriding, 25A. 
centrifugal casting, 214. 
internal combustion engines, porous chromium plating, 104. 
marine-engine, forging, 644, 
stainless-steel, drawing, 434. 


Damage Curves, chromium-molybdenum steel, 124. 
Damping Capacity : 
malleable cast iron, 29A. 
steel, effect of carbon, 524. 
steel, effect of chromium, 524. 
steel, effect of cold-work, 52A. 
steel, effect of magnetic properties, 524. 
study, use of fatigue-testing machine, 52A. 
Davidson Retorts, for shale-oil production, 17A. 
Debye and Scherrer Method, for obtaining X-ray powder photo- 
graphs, 834. : 
Decarburization : 
aircraft-engine gears, effect on fatigue strength, 654. 
earbon steel, 25A. 
tank gears, prevention, 254. 
Deep-Drawing : 
sheet, splitting, 284. 
strain markings, 764. 
wax lubricating compound, 764. 
Defects : 
in bars and tubes, detection by magnetic analysis, 69A. 
in billets and blooms, detection by Sperry supersonic reflectoscope, 
684. 
in ground metal surfaces, detection, 274A. 
in nitrided steel, causes, 444. 
in steel, detection by Hypersonic Analyser, 69A. 
in steel, methods of detection, 314. 
in steel castings, causes, 194. 
in steel castings, removal by flame-gouging, 394. 
in steel castings, removal methods, 39A., 414. 
in steel castings, removal by oxy-acetylene cutting, 274. 
in welds, detection by X-rays, 264. 
see also Cracks, Flaws. 
Deformation : 
effect on tensile strength, 114. 
iron, 28A. 
plastic, iron-oxide inclusions in iron, 154. 
Degreasing Plants, electric and gas-heated, 484. 
De Lattre Process, pickling plant, 484. 
Deoxidation : 
steel, 54., 414. 
steel, effect on strain-sensitivity, 414. 
steel with aluminium, spheroidization and graphitization relation- 
ship, 22A. 
Derbyshire, coking coal resources, 374. 
Descaling, steel, sodium hydride process, 48A. 
Descaling Plant, Rustless Iron and Steel Corporation, 784. 
Desulphurization, pig iron, use of sodium carbonate, 24. 
Detroit Steel Casting Co., electric and open-hearth steel production, 
use of electrolytic manganese, 624. 
de Vooys Coal-Cleaning Process, 24. 
Dielectric Heating, 254. 
Die-Rolling, 644. 
Die Steel, properties, 314., 684. 
Dies : 
for cold-heading bolts, life, 224. 
cold-heading, factors affecting quality of steel for, 144. 
design, for powder-metal parts, 3A. 
forging, costing methods, 224. 
forging design, 5A., 22A., 424., 644., 764. 
manufacture, 644. 
wire-drawing, calculations for, 64. 
Diesel-Engine Parts, repair by metal spraying, 80A. 
Diffusion, in metals, 204. 
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Dilatometric Method : 
for determination of critical points of chromium-molybdenum- 
nickel steel, 32A. 
for studying transformations in chromium steel, 324. 
Diescher Process, seamless-tube production, 65A. 
Distortion, measurement, use of photo-grids, 284, 
Dolomite, substitute for limestone as cupola flux, 184. 
Dovel Plant for cleaning blast-furnace gas, 724. 
Drawability, steel, determination, 644. 
Drawing : 
deep-, sheet, splitting, 284. 
deep-, strain markings, 764. 
deep-, wax lubricating compound, 764. 
metals, lubricating compounds, 6A, 
seamless tubes, calculation of maximum reduction, 64. 
stainless-steel cylinders, 434. 
wire, American practice, 6A., 764. 
wire, calculations for dies and die sizes, 6A. 
wire, lubricating compounds, 23A., 644. 
wire, reactive, 43A. 
wire, theory, 64A. 
Drawing Machines, for wire, 644. 
Drop Forging, 5A. 
Drop Forgings, effect of overheating, 217 Paper. 
Drop Hammers, 764. 
Dross Formation in hot-dip galvanizing process, 79A. 
Drying, moulds, propane torch for, 744. 
Ductility, welds, methods of predicting, 67A. 
ee Combustion Method for determination of nitrogen, 714A. 
ust ° 
collecting system for cupolas, 19A. 
measurement and control, 85A. (Book.) 
removal from sand conveyors, 614, 


Eatonite, use in facing aircraft-engine valves, 824. 
Eberbach Microhardness Testing Machine, 814. 
Eddy-Current Heating, 254. 
Ekko Process, for plating seamless tubes, 79A. 
Elastic Limit, steel, fatigue strength relationship, 124. 
Elasticity, cold-drawn spring steel, 434. 
Electric Current Rectifiers, for steel plants, 234. 
Electric Furnace Practice, 184. 
acid, 19A., 22A., 414. 
acid, America, 5A. 
acid, carbon determination, 344. 
basic, 19A., 22.4. 
Brymbo Steel Co., Ltd., 224. 
developments, 634, 
Electric Furnaces : 
are, design, 22A., 754. 
are, methods of increasing efficiency, 224A. 
are, for production of small ingots, 634. 
design, acid and basic processes, 194. 
for determination of ash in coal and coke, 344. 
electrodes, properties and manufacture, 414. 
electrodes, selection, 224A. 
electro-hydraulic control, 63A. 
high-frequency, design, 434. 
high-frequency, for production of special steels, 634. 
high-frequency, for steel production, 224. 
for production of manganese-molybdenum-nickel steel, 3A. 
refractory materials for, 224. 
Tysland-Hole, for pig-iron production, 384. 
Electric Motors: 
manufacture of magnetic core laminations for, 224. 
rolling-mill, overload relays for, 644. 
Electric Power, distribution in steel plants, 40A., 75A. 
Electric Steel : 
acid, deoxidation, 5A. 
acid, production, 22A., 414. 
acid, production with electrolytic manganese, 624. 
basic, production, 224. 
basic, production in America, 1940-1945, 5A. 
basic, silicate inclusions, origin and formation, 424. 
production in are furnaces, 634. 
Electrical Apparatus for analogical study of heat flow in regenerators, 
T2A. 


Electrical Equipment : 

for bolt and stud manufacture, 64. 

for induction heating, 7A., 8A., 254., 434. 

for welding, 78A. 
Electrical Method, for sorting metals, 694. 
Electrical Plant, safety precautions, 224. 
Electrical Resistance, measurement in spot-welding, 67A. 
Electrodeposited Coatings : 

adherence properties, 104. 

for aircraft-engine bearings, 104. 

effect of surface films, 9A. 
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Electrodeposited Coatings (contd.)— 

on seamless tubes, Ekko process, 794. 

on stainless steel, review of methods, 494. 

on strip, 484. 

thickness, nomographs for calculating, 504. 
Electrodeposition : 

for building up worn parts, 104. 

chromium, 10A., 49A. 

chromium, use of Hull cell, 794. 

cobalt-nickel-tungsten alloys, 79A. 

indium, 114. 

lead, 11A. 

nickel, on interior of steel tubes, 10A. 

silver, 114. 

tin, 104. 

tin-zine alloys, 80A. 

tungsten alloys, 504. 

use of insoluble anodes, 48A. 

zine, 494. 
Electrodes : 

electric-furnace, properties and manufacture, 414. 

electric-furnace, selection, 22A. 

welding, aluminium-bronze, 464. 

welding, manufacture of coatings by powder metallurgy process, 

8A., 474. 

Electro-Hydraulic Control, electric furnaces, 634. 
Electrolytic Manganese : 

production in America from low-grade ores, 44. 

use in electric and open-hearth steel production, 214., 624. 

use in stainless-steel production, 624. 
Electrolytic Polishing, 94., 47A., 484. 
Electron Microscopes, 364A. (Book.), 864. (Book.) 

for examination of surface structures, 314. 
Electron Optics, use of electron microscopes, 36A. (Book.) 
Electron Tubes, theory and applications, 86.4. (Book.) 
Electronic Apparatus : 

industrial applications, 31A., 864A. (Book.) 
Electronic Control, machinery in iron and steel plants, 234. 
Electronic Inspection, 124., 134., 28A., 314., 53A4., 68A4., 69A .,814, 
Electronics, principles and applications, 864. (Book.) 
Electro-Physics, of welding arcs, 454. 
Electro-Pneumatic Hammers, 424. 
Electrotinning, 104. 

food containers, American wartime standards, 104A. 
Embrittlement : 

hydrogen, stainless-steel wire, 82.4. 

steel, 52A. 

steel, at high temperatures, 53A. 
En Steel : 

properties, effect of heat-treatment, 534. 

standard specifications, 31A., 54A. 
Enamel, spraying on metals, equipment, 114. 
Enamel Coatings : 

porcelain, properties, 114. 

on steel, improving adhesion by use of nickel undercoat, 494. 
Enamelled Wire, pin-hole tester for, 80A. 
Enamelling, cast iron, preparation of surface, 9A. 
End-Quench Test, see Jominy Hardenability Test. 
Endurance Limit : 

chromium-molybdenum-nickel cast iron, effect of heat-treatment, 


molybdenum-nickel cast iron, effect of heat-treatment, 684. 
Engine Bed, grey-iron, moulding and casting, 734. 
Equilibrium Diagrams, for slag systems, 5A. 

Equilibrium Relationships, alloy steel, calculation, 844. 
Etching : 

east iron, 54A. 

high-speed steel, 544. 

nickel deposits on steel, 324. 

stainless steel, 544, 

Etching Solution, alkaline chromate, use in detection of segregated 
oxides in steel, 69A. 

Ethyl Silicate, use in foundry practice, 39A. 

Extrusion Process, developments in America, 76A. 


Failure : 
aircraft-engine exhaust manifolds, 304. 
in coke-oven plants, 2A. 
crucibles, in induction melting, 414. 
lifting magnets, 5A. ‘ 
welded gas mains, 45A. 
welded joints, 464. 
Fatigue : 
chromium-molybdenum flash-welded steel, 784. 
effect of shot-peening, examination by X-ray diffraction, 524. 
metals, 364. (Book.) 


Fatigue Strength : y 
aircraft-engine gears, effect of processing methods, 65A. 


Fatigue Strength (contd.)— 
steel, elastic limit relationship, 124. 
wire, effect of shot-peening, 804A. 
Fatigue Testing Machines, 12A4., 524. 
Fatigue Tests : 
effect of overstress, 514. 
tensile, effect of rest periods, 514. 
torsional, malleable cast iron, 294. 
Feeding : 
castings, 34., 614. 
steel castings, gas pressure method, 204., 614. 
steel castings, use of Kayell, 204., 614. 
Ferro-Alloys : 
analysis, standard methods, 36A. ( Book.) 
determination of arsenic, 34A. 
determination of sulphur, 344. 
wartime production in America, 404. 
Ferro-Magnetic Materials, tests, use of magnetic sorting bridge, 80A. 
Ferromagnetism, theory, 304. 
Ferrous Metallurgy : 
developments, 50A., 834. 
research at Watertown Arsenal Laboratory, 834. 
Films : 
anti-reflection, use in metallographic microscopes, 31A. 
oxide, formation on iron, X-ray examination, 164. 
oxide, formation on iron-silicon alloys, 334. 
surface, on metals, effect on electrodeposited coatings, 9A. 
Finishing Process for nails, 794. 
Fink and Lah Acid Plating Bath, for electrodeposition of alloys, 79A. 
Fissures, see Cracks. 
Flame-Cutting, developments, 27A. 
Flame-Cutting Machines, 27A., 684. 
Flame-Gouging, for removal of defects in steel castings, 39A. 
Flame-Hardening : 
cast iron, 254. 
equipment, 664, 
Flame-Priming, steel surfaces, preparation for painting, 484. 
Flame Radiation : 
in furnaces, 584A. 
in open-hearth furnaces, measurement and control, 414. 
Flame Spinning, tubes, 224. 
Flaw Detector, supersonic, 321P. 
Flaws : 
detection by magnetic powder method, 534. 
detection by supersonic waves, 12A4., 324., 68A. 
see also Cracks, Defects. 
Hise ape-Siik Analysis, South African coal, 374. 
OW : 
gases through coke beds, measurement, 17A. 
heat in furnaces, 41 Paper. 
in metals, photo-grids for determination, 644, 
plastic, weld metal, 784. 
Flowability : 
metals, 274. 
steel, effect of aluminium, 284. 
steel, effect of silicon, 284. 
steel, effect of temperature, 28A. 
Flowability Laws, for metals and alloys, 284. 
Fluidity Tests : 
acid open-hearth slag, 36A., 42.4. 
chromium-molybdenum steel, 214. 
Food Containers, electro-tinning, American wartime standards, 10A. 
Foren Process, seamless-tube production, 654. 
Forge Furnaces, use of pulverized coal, 584. 
Forge Hammers, 5A., 424.,76A, - 
Forge Plant for shells, 5A. 
Forgeability, metals, 274. 
Forging : 
automobile parts, 644. 
chromium-molybdenum-nickel steel, 644. 
drop, 5A, 
marine-engine cylinders, 644. 
press, plates, ve 
shells, 54. ‘ 
shells, Witter process, 764, 
Forging Dies : 
costing methods, 224. 
design, 54., 22A,, 42A,, 644., 764. 
Forging Machines : 
press, 764, 
upset, 76A. 
Forging Practice, 54., 764. 
America, developments, 764, 
Forging Presses, 54. 
Forging Temperature, critical, for steel bars, determination, 224. 
Forgings : 
aircraft-engine, fracture tests, 54A, 
design, 764, 
drop, effect of overheating, 217 Paper. 
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Foundries : 
conveyor systems, installation factors, 60A. 
electric power distribution, 75.4. 
fuel consumption, 2A. 
illumination, 214, 
moulding sand consumption and control, 194, 
quality control in, 44. 
steel, American, bibliography, 194. 
steel, British, bibliography, 19A. 
steel, Russian, bibliography, 194, 
ventilation, 214., 75.4. 
works management, 5A., 39A, 
Foundry Cores, see Cores. 
Foundry Costing, 44., 394. 
Foundry Equipment, shake-out machines for large castings, 744. 
Foundry Industry, France, organization, 734. 
Foundrymen, facts for, 364., 854. (Book.) 
Foundry Plant : 
American, for production of malleable iron castings, 44. 
Columbia Steel Co., 4A. 
design and layout of buildings, 214, 
General Motors Corporation, 214. 
U.S. Navy, Philadelphia, 214. 
Foundry Practice, 34., 184., 394., 604., 734. 
America, wartime developments, 39A., 60A. 
China, wartime developments, 604. 
Consolidated Mining and Smelting Co. of Canada Ltd., 604. 
review of developments, 1914-1944, 184. 
use of ethyl silicate, 39A. 
use of tellurium core-washes, 204. 
Foundry Prize, awarded to P. W. Hyde, 6P. 
Foundry Sand, see Moulding Sand. 
Fracture : 
brittle, effect of combined stresses, 28.4. 
brittle, mechanism, 524. 
brittle, welded structures, 784. 
intergranular, cast steel, 12A. 
of solids, theory, 28A. 
steel, at high temperatures, 694. 
Fracture Stress, steel, 284A. 
Fracture Tests, for aircraft-engine forgings, 544. 
France : 
blast-furnace design and practice, 59A. 
foundry industry, organization, 734. 
investigations of railway rails, 834. 
open-hearth practice, 44. 
steel production by Perrin process, 624. 
French North Africa, mineral resources, 724. 
Fretz-Moon Process, pipe production, 234. 
Friction : 
external, between rolls and materials, 234. 
internal, measurement by Coulomb micro-pendulum, 28A. 
internal, measurement by Poisson’s ratio, 284. 
Friction Coefficients, plated surfaces, 9A. 
Fuel, 24., 17A., 37A4., 57A., T2A. 
consumption control in gas-fired furnaces, 174. 
consumption in iron and steel plants, 24. 
consumption, wartime control in Germany, 174, 
efficient use in iron and steel works, 165 Paper. 
for open-hearth furnaces, selection and use, 37A. 
for open-hearth furnaces, use of oxygen-enriched blast-furnace 
gas, 374, 
pulverized, see Coal, pulverized. 
for Swedish wartime iron and steel industry, 151 Paper. 
utilization in iron and steel works, 183 Paper. 
Fuel Oil : 
use in open-hearth furnaces, 214. 
uses and conservation methods in America, 73A. 
Furnace Bears, removal from blast-furnaces, 734. 
Furnace Operators, training, 17/4. 
Furnace Walls, heat-flow, methods of measurement, 244. 
Furnaces : 
blast, see Blast-Furnaces. 
boiler, see Boiler Furnaces. 
electric, see Electric Furnaces. 
flame radiation, 584. 
forge, see Forge Furnaces. 
gas-fired, evaluation of efficiency, 17A. 
gas-fired, fuel-consumption control, 174. 
heat consumption, 2A. 
heat-flow meter for, 41 Paper. 
heat-treatment, see Heat-Treatment Furnaces, Annealing Fur- 
naces, etc. 
high-frequency, see Electric Furnaces. 
induction, see Electric Furnaces. 
Krupp-Renn rotary, 384., 59A. 
open-hearth, see Open-Hearth Furnaces. 
radiant-tube, see Radiant-Tube Furnaces. 
reheating, see Reheating Furnaces and Soaking Pits. 


Furnaces (conid.)— 
rotary, see Rotary Furnaces. 
thermal efficiency, 584. 


Galvanized Steel, methods to improve adhesion of paint coatings, 


Galvanizing Plant, John Summers and Sons Ltd., 494. 
Galvanizing Process : 
Herman hot-dip, 794. 
hot-dip, 494. 
hot-dip, dross formation, 79A. 
Gamma-Radiography : 
for examination of steel castings, 324A. 
for examination of welds, 324. 
Gary Steel Works, control and measurement of open-hearth furnace 
flame radiation, 414. 
Gas ; 
blast-furnace, see Blast-Furnace Gas. 
coke-oven, see Coke-Oven Gas. 
producer, see Producer Gas, 
town, use in annealing whiteheart malleable cast iron, 34. 
town, utilization in Great Britain, 384. 
Gas Engines, for blast-furnace blowers, 174A. 
Gas Flow through coke beds, measurement, 17A. 
Gas Liquor, ammonium chloride recovery, 594. 
Gas Mains, welded, failure, 454. 
Gas-Permeability, moulding sands, 194. 
Gas Pressure Method, feeding steel castings, 20A., 614. 
Gas Producers, see Producers. 
Gas Turbines : 
chromium-molybdenum-nickel steel for, 824A. 
heat-resistant alloys for, 534. 
Gaseous Fuel : 
evaluation of efficiency, 2A., 17A. 
utilization in Great Britain, 38A. 
Gases : 
by-product, see By-Product Gases. 
effect in cast iron, 304. 
evolution from cast steel, 30A. 
Gating, steel castings, 34. 
Gauges, strain, design and applications, 514., 814. 
Gears : 
aircraft-engine, heat-treatment, 654. 
aircraft-engine, nitriding, 254A. 
aircraft-engine, processing methods, effect on fatigue strength, 
654A. 
centrifugal casting, 214. 
heat-treatment furnaces for, 7A., 434. 
induction hardening, 7A. 
tank, heat-treatment, prevention of decarburization, 25A. 
tempering, furnaces for, 74. 
General Motors Corporation : 
foundry plant, 214. 
heat-treatment plant for gears, 434. 
heat-treatment plant for tank drives, 254A. 
Georgia, cobalt-bearing manganese deposits, 1A. 
Germany : 
chromium-manganese steel, properties and heat-treatment, 544, 
creep testing of boiler steel, 824. 
iron and steel industry, 404. 
magnetic and radiographic inspection, 844. 
metallurgical, industry, comparison with America, 404. 
methods of applying synthetic coatings to petrol tanks, 804. 
oxy-acetylene cutting machines, 474A. 
production of light steel structures for buildings, 774. 
research work on effect of addition agents to lubricants, 774. 
sintering plants, methods to improve output, 374. : 
spring industry, 644. 
stainless steel, properties, processing, and wartime uses, 534. 
testing and standardizing core binders, 204. 
tool-steel production, 61A. 
wartime control of industrial fuel, 174. 
wartime production of rolled sheets and plates, 774. 
welding in shipyards, 78A. 
welding, standard specifications, 474. 
welding, wartime applications, 664. 
Glycerine, use in metal-cleaning solutions, 474. 
Gold Coast, manganese deposits, 374A. 
Grain Boundaries, in metals, theory, 69A. 
Grain Size : 
aluminium and sulphur relationships, 414. 
austenitic, effect on properties of carbon steel, 504. 
austenitic, relation to splitting in'deep-drawing sheet, 28A. 
control in aircraft-engine manufacture, 144. 
effect on properties of carbon steel, 50A. 
spatial, determination of distribution, 544. 
steel, effect on creep, 824. 
Graphite, effect in cast iron, tensile strength, 514. 
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Graphitization : 
carbon-molybdenum steel tubes, in high-temperature steam, 
694A. 
cast iron, 69A. 
relationship between spheroidization in deoxidation of steel, 224. 
steel, factors affecting, 30A. 
Gravity-Segregation, calculation, liquid binary alloys, 364. (Book.) 
Grease Guns, 774. 
Grease Pumps, 774. ' 
Greer Steel Co., pickling plant, 104. 
Grinding : 
aircraft-engine gears, effect on fatigue, strength, 654. 
stainless steel, 8A. 
Grinding Tests, steel balls, 314. 
Grossman Method : 
for calculation of hardenability of steel, 68A., 804. 
Ground Surfaces, detection of cracks, 274. 
Guides for rolling mills, 234. 
Gun, for metal spraying, 504. 
Gun Barrels : 
centrifugal casting, 214., 61A. 
induction hardening, 74. 


Hammer Tests, for detection of cracks in welds, 84. 
Hammers : 
counterblow, 764. 
drop, 76A. 
electro-pneumatic, 424. 
forge, 5A., 42A., 764. 
steam, 42A,. 
Hard-Facing, 674. 
Hardenability : 
alloy steel, 25A. ‘ 
alloy steel, Grossman and experimental methods of calculation 
compared, 804A, 
alloy steel, relation to martensitic structure, 294. 
alloy steel, relation to quench-cracking, 814. 
carbon steel, effect of boron, 29A. 
cast iron, 814. 
metals, 27A. 
steel, 36A. (Book.), 81A. 
steel, calculationby Gr ossmann method, 684., 804. 
steel, effect of elements, 144., 29A., 68A. 
steel, factors affecting, 414. 
Hardenability Specifications : 
alloy steel, America, 814, 
steel, 12A. 
Hardenability Tests : 
in aircraft-engine manufacture, 144. 
cast iron, 81A. 
Jominy, 43A., 524. 
steel, 81A. 
Hardening : 
American processes, 774A, 
flame-, cast iron, 25A. 
flame-, equipment, 664. 
gears, heat-treatment furnaces for, 7A., 434. 
induction, 7A., 8A., 25A., 43A., 66A. 
induction, agricultural machinery, 664. 
induction, cylinder liners, 7A. 
induction, electrical equipment, 74., 8A., 434. 
induction, gears, 7A. 
induction, gun barrels, 74. 
induction, steel, 43A., 634A. 
induction, steel, comparison with furnace heating and quenching, 
25A. 
induction, wheel hubs, 7A. 
parts, by electrodeposition, 10A. 
steel, 85A. (Book.) 
structural-, steel, 52A. 
surface, iron castings, 434. 
work-, steel, effect of machinining, 524. 
Hardness : 
Brinell, relation to tensile strength, in grey cast iron, 274, 
high-speed steel, relation to magnetic permeability, 534. 
metals, methods of measurement, 29A. 
Rockwell, alloy steel, calculation, 684. 
Hardness Testing Machines : 
Brinell, 524. 
micro-, 12A. 
micro-, Eberbach, 814A. 
micro-, Knoop, 29A., 814. 
micro-, Tukon, 29A., 814. 
micro-, Zeiss, 52A. 
Hardness Tests : : 
carbon steel, effect of prolonged heating, 534. 
chromium-molybdenum-nickel steel, welded, 674. 


metals, 29A, 


Hardness Tests (contd.)— 
molybdenum steel, effect of prolonged heating, 534. 
welded joints, 464. 
Hatfield Memorial Lecture, 369P. 
Heat, consumption in furnaces, 24. 
Heat Flow : 
through furnace walls, methods of measurement, 244. 
in furnaces, 41 Paper. 
in regenerators, study by electrical analogue, 724. 
in steel, 614. 
Heat-Flow Meter, for furnaces, 41 Paper. 
Heat-Resistant Alloys, for gas turbines, 534. 
Heat-Resistant Iron : 
effect of gas content, 304. 
effect of residual elements, 30A. 
Heat-Resistant Steel : 
properties, 314. 
sealing resistance, 314. 
Heat Transfer : 
control and measurement in industrial plants, 174. 
in moulding sand, 39A. 
theory and practice, 584. 
through tubes, effect of tube shape, 58A. 
Heat-Treatment, 64., 244., 434., 654., 774. 
aircraft-engine gears, 654. 
alloy steel, 63A4., 664. 
American processes, 77A. 
chromium-manganese steel, German developments, 544. 
chromium-molybdenum steel, 66A. 
effect on creep strength of steel, 134., 82A. 
effect on creep strength of thin-walled steel tubes, 144. 
effect on endurance limit of chromium-molybdenum-nickel cast 


iron, 684, 
effect on endurance limit of molybdenum-nickel cast iron, 
68A. 


effect on machinability, 774. 
effect on Meehanite cast iron, 77A. 
effect on properties of British En steel, 534. 
effect on properties of magnet alloys, 134. 
effect on tool life, 464. 
high-speed steel, 46A., 634. 
isothermal, steel, 65A. 
manganese-molybdenum-nickel steel, 34. 
mailling cutters, 464. 
pearlitic malleable cast iron, 244. 
seamless tubes, 654. 
shells, cooling properties of quenching media, 774. 
steel, 854. (Book.) 
steel, effect of alloying elements, 434. 
steel, time-temperature-transformation curves, 6A., 244, 
tank gears, prevention of decarburization, 254, 
tools, use of salt baths, 434. 
wire, salt baths for, 77A. 
Heat-Treatment Furnaces : 
for aircraft-engine parts, 654, 
ceramic burners for, 25A. 
charging equipment, 774, 
combustion control, 58A. 
conveyors for, 77A. 
experimental, for aircraft propeller blades, 77A. 
foreed-air circulation, 26A. 
for gears, 7A., 434. 
quenching equipment, 774. 
salt-bath, 64., 7A., 434., 654., 664., 774. 
for tank drives, 254. 
use of protective atmospheres, 7A. 
Heating : 
bars and plates, time-temperature charts, 654. 
by conduction, 254. 
by convection, 25A. 
by radiation, 25A. 
by radiation, application to metal finishing, 364. (Book.) 
dielectric, 25.4. 
eddy-current, 25A. 
induction, 7A., 8A., 434., 664A. 
induction, electrical equipment, 7A4., 8A., 254., 434. 
induction, plant for ordnance equipment, 6A. 
induction, for shrink fits, 664. 
steel, 864. (Book.) 
submerged, wire-pickling tanks, 10A. 
Heenan Plant, for chain manufacture, 474. 
Hematite, ceramic, use in production of sponge iron, 34. 
Herman Process, for galvanizing wire, 794. 
Herty Viscometer, 454. 
High-Frequency Furnaces, see Electric Furnaces. 
High Hregnansy Oscillator, use in comparison of stresses in metals, 
High-Speed Steel : 
brazing, 674, 
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High-Speed Steel (contd.)— 

etching, 544, 

heat-treatment, 634. 

low-temperature treatment, 6A. 

magnetic permeability and hardness relationships, 534. 

nitriding, 64, 

production, 414. 

sodium-cyanide treatment, 664. 

treatment in salt bath before hardening, 664. 

welding to cast-iron shanks, 674. 
High-Speed Steel Tools : 

production and heat-treatment, 464. 

repair by welding, 464. 

retained austenite, determination by Magnaflux method, 154. 
Hilger-Spekker Absorptiometer, for analysis of stainless steel, 
Hogands Sponge Iron Process, 384. 
Homo-Carb Furnaces, for carburizing, 43A. 
Hoppers, moulding sand, design, 39A. 
Hot-Rolling, factors affecting yield stress, 234. 
Hot-Stamping Presses, 54. 
Hot-Workability, high-tensile steel, 68A. 
Hot-Workability Tests, steel, effect of elements, 684. 
Hull Cell, use in electrodeposition of chromium, 794. 
Hydraulic Brakes, casting, metal moulds for, 194. 
Hydraulic Presses, 224. 
Hydro-Blast System, for cleaning castings, 474. 
Hydrogen : 

determination in weld metal, 344, 

diffusion through iron at room temperature, 824. 

effect on mechanical properties of steel, 101P. 

effect in steel, 364. ( Book.) 

effect on transformation of chromium-molybdenum-nickel steel, 

96P. 

effect in welds, crack formation, 45A. 

embrittlement of stainless-steel wire, 824. 

evolution from cast steel, 304. 

removal from steel, 67 Paper. 
Hydrogen Chloride, corrosion of iron and steel, 704. 
Hydrogen Sulphide : 

corrosion of iron and steel, 70A. 

reaction with iron, equilibrium constants, 24. 
Hypersonic Analyser, for detection of defects in steel, 694. 
Hysteresis, mechanical, metals, 134. 


Wlumination in foundries, 214. 
Impact Strength : 
cast steel at low temperatures, effect of alloying elements, 284A. 
chromium-molybdenum-titanium steel, effect of variations in 
composition, 304. 
materials, research at Renault Works, 52A. 
steel, effect of elements, 144. 
Impact-Tensile Tests, water-quenched steel, 26A. 
Impact Tests : 
chromium-molybdenum-nickel steel, welded, 674. 
chromium-molybdenum-vanadium steel, 814, 
micro-, use of Coulomb micro-pendulum, 134. 
notched-bar, 11A. 
Inclusions : 
iron-oxide, in iron, plastic deformation and solubility, 154. 
lead-bearing, detection in steel, 15A. 
non-metallic, in steel, formation, 44., 414A. 
silicate, in basic electric steel, origin and formation, 424. 
Indium, electrodeposition, 114A. 
Induction Brazing, tungsten-carbide tools, 26A. 
Induction Furnaces, see Electric Furnaces. 
Induction Hardening, 7A4., 8A., 25A., 43A., 664A. 
agricultural machinery, 664. 
cylinder liners, 74. 
electrical equipment, 7A., 8A., 434. 
gears, 7A. 
gun barrels, 7A. 
steel, 434., 634. 
steel, comparison with furnace heating and quenching, 25A, 
wheel hubs, 7A. 
Induction Heating, 74., 84., 434., 664. 
electrical equipment, 7A., 8A., 25A., 434, 
ordnance equipment, 6A. . 
for shrink fits, 66A. 
Induction Melting Process, failure of crucibles, 41A. 
Ingot Moulds : 
casting, 744A. 
coating, mechanical methods, 5A. 
life, 754. 
Ingots : 
casting, methods used 1880-1890, 414. 
clean Bessemer steel, production, 624. 
semi-killed, effect of variables on surface and yield, 414. 
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Ingots (contd.)— 
small, production from are furnaces, 634. 
soaking pits for, 634. 
Inland Steel Co. : 
lifting magnets, failure and repair, 54. 
safety precautions for electric cranes and plant, 224. 
Inspection, metals, use of strain gauges, 814. 
Inspection Methods, for metals, 80A., 814. 
Intercrystalline Cracking, boiler plates, effect of silica/sodium- 
hydroxide ratio in feed water, 55A. 
Intergranular Fracture, cast steel, 12A. 
CE a uOnusiae Cylinders, porous chromium plating, 
OA. 
Internal Combustion Engines, combustion control, 58A. 
Internal es measurement by Coulomb micro-pendulum, 
28A, 
Iron : 

analysis, standard methods, 36A. (Book.) 

casting properties, effect of weather conditions, 73A. 

corrosion by hydrogen chloride, 70A. 

corrosion by hydrogen sulphide, 704, 

corrosion, research in Britain, 554. 

deformation, 28A. 

detection of phosphorus segregations by contact-print process, 

36A. (Book). 

detection by spot tests, 344. 

diffusion of hydrogen at room temperature, 82A. 

effect a pretreatment methods on durability of paint coatings, 

48A, 

formation of oxide films, X-ray examination, 164. 

heat-resistant, effect of gas content, 30A. 

heat-resistant, effect of residual elements, 304. 

pickling, effect of inhibitor in acid, 10A. 

production, 2A., 18A., 38A., 59A., 73A. 

production, America, developments in 1945, 744. 

reaction with hydrogen sulphide, equilibrium constants, 24. 

reduction and carburization in blast-furnaces, 73A. 

solubility of elements, 69A. 

treatment before painting, 367P. 

X-ray examination, penetration intensity, 15A. 

Iron Alloys, overstressing, 364. (Book.) 

Tron-Aluminium-Chromium Alloys, 364A. (Book.) 

Iron-Aluminium-Cobalt-Copper-Nickel Alloys, magnetic properties, 
effect of heat-treatment, 13A. 

Iron-Aluminium-Cobalt-Nickel-Titanium Alloys, magnetic proper- 
ties, effect of heat-treatment, 134. 

Iron Castings, solidification, 184. 

Iron Chippings, use in cleaning castings, 474. 

Iron Industries : 

America, developments in 1945, 614., 744. 

China, 4A. 

efficient use of fuel, 165 Paper. 

fuel utilization, 183 Paper. 

Germany, 40A. 

research work, objects of British Iron and Steel Research Associa- 

tion, 63A. 

Russia, 21A., 404. 

Russia, reconstruction, 754. 

Sweden, statistical information, 754. 

Sweden, wartime fuel problems, 151 Paper. 
Iron-Molybdenum-Carbon Alloys, diffusion of molybdenum, 324. 
Iron Ore : 

concentration plant, Mount Hope Mine, New Jersey, 374. 

nodulizing, effect on blast-furnace practice, 37A. 

sintering, effect on blast-furnace practice, 374. 

smelting, 36A. (Book.) 

Swedish, recovery of magnetic pyrites, 724A. 

Iron Ore Deposits : 

Algoma, Canada, 724. 

Western Australia, 724. 

world, 1A. ; 

Tron-Oxide Bursting, resistance of chrome-magnesite bricks, 57A. 
Iron-Oxide Inclusions, in iron, plastic deformation and solubility, 
15A. 


Tron-Oxide/Magnesium-Oxide System, X-ray survey, 224. 
Iron-Oxide /Manganese-Oxide System : 

equilibrium diagram, 5A. 

X-ray survey, 224. 
Tron-Oxide/Silica System, equilibrium diagram, 54. 
Iron Powders, see Powdered Iron. 
Iron-Silicon Alloys, oxidation at high temperatures, 334. 
Iron Sponge, see Sponge Iron. 
Iron and Steel Engineering Group, formation, 5P. 
Isothermal Heat-Treatment, steel, 654. 
Isothermal Transformation : 

austenite, 244. 

austenite in chromium steel, 32A. 

steel, effect of oxygen, 259 Paper. { 
Isothermal-Transformation Diagrams, steel, 32A., 544. 

a H 


12 SUBJECT INDEX. 


Jet Test, B.N.F., for determination of thickness of zinc coatings, 
504A. 

Jominy Hardenability Tests, 434., 524. on atte 

Jones and Laughlin Steel Corporation, lime/silica ratio, determination 
in open-hearth slag, 214, 


Kaiser Co., bar mills, 644. 

Kayell, use in feeding steel castings, 204., 614. 
Kent, coal deposits, 724. 

Kingzett’s Chemical Encyclopsedia, 864. 

Kirkstall Forge, history, 36A. (Book.) 

Knock-Out Machines for large castings, 744. 
Knoop Microhardness Testing Machines, 294., 814. 
Kolene Process, cleaning cast iron, 94. 

Krause Rolling Mill, 764. 

Krupp-Renn Process, 384., 594. 


Laboratories, Watertown Arsenal, 834. 
Lacquer, spraying on metals, equipment, 114. 
Lacquer Coatings : 
for blackplate and tinplate, 80A. 
for petrol tanks, German methods of application, 804. 
Ladle Nozzles, design and maintenance, 5A., 404., 414. 
Ladle Stoppers : 
design and maintenance, 5A,, 40A., 414. 
testing methods, 404. 
Ladles, refractory materials for, 40A. 
Laminac, for sealing porous castings, 744. 
Lancashire, coal deposits, 37A. 
Laterite Ore : 
production of chromium steel in are furnace, 624. 
production of nickel steel in arc furnace, 62A. 
Lead : 
determination in iron and steel, 704. 
electrodeposition, 114A. 
wartime production in America, 404. 
Lead-Bearing Inclusions, detection in steel, 154. 
Lead Coating, by immersion method, 794. 
Lead Coatings, on steel, protective value, 804. 
Lead-Tin Coatings, on steel, protective value, 804. 
Lime, properties, for wire-drawing lubricant, 23A. 
Lime/Magnesia/Silica System, X-ray diffraction analysis of com- 
pounds, 57A. 
Lime/Silica Ratio, determination in open-hearth slag, 214. 
Lost-Wax Process for precision casting, 20A., 744. 
Lubricants : 
effect of addition agents, research work in Germany, 774, 
properties and applications, 854. (Book.) 
wax compound, for deep-drawing, 764. 
for wire drawing, 6A4., 23A., 644. 
Lubrication Systems, grease guns and pumps for, 774, 
Lukens Steel Co. : 
oxy-acetylene cutting equipment, 8A. 
soaking pits, 634. 


Machinability : 

effect of heat-treatment, 774. 

metals, 27A., 47A. 

sulphur steel, 474. 
Machine-Gun Mountings, stamping processes for, 224. 
Machine Tools, repair by welding, 784. 
Machinery Parts, welded, design factors, 784. 
Machining : 

metals, 9A., 27A., 47A. 

stainless steel, 8A. 

steel, 864A. (Book.) 

steel, effect on work-hardening, 524. 
Machining Forces, nomographs for calculation of, 274. 
Machining Tests : 

cast iron, 9A., 27A. 

steel, 9A. 

sulphur steel, 474. 
Magnaflux Method : 

determination of retained austenite in high-speed steel, 154. 

modified, for detection of cracks, 8A. 

for testing aircraft-engines, 144. 
Magnesite, see Refractory Materials. 
Magnesium : 

applications in aircraft-engine manufacture, 144, 

wartime production in America, 404A, 
Magnesium-Oxide/Manganese-Oxide System, X-ray survey, 22A. 
Magnet Alloys, properties, effect of heat-treatment, 13.4. 
Magnet Steel, properties, 814. ; 
Marne eee for detection of defects in bars and tubes, 
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Magnetic Comparators, for bars, 13A. 


Magnetic Inspection: 
in Germany, 844. 
metals, 81A. 
Magnetic Permeability, high-speed steel, relation to hardness, 534A. 
Magnetic Powder Method ; 
of crack detection, 534. 
of testing, 86A. (Book.) 
of testing crankshafts, 534. 
Magnetic Properties : 
cobalt steel, effect of mass and heat-treatment, 304, 
magnet alloys, effect of heat-treatment, 134. 
steel, effect on damping capacity, 524. 
steel, effect of small stresses, 304. 
Magnetic Pyrites, recovery from Swedish ores, 724. 
Magnetic Sorting, steel bars, 13A. 
Magnetic Sorting Bridge, for testing ferro-magnetic materials, 80A. 
Magnetic Tests: 
steel bars, 13A. 
steel bars, use of Cyclograph apparatus, 134. 
Magnetite-Ilmenite Deposits, New York, vanadium-bearing, 14. 
Magnets ; 
lifting, failure and repair, 54. 
lifting, methods to improve efficiency, 634. 
permanent, design and testing, 814. 
Maine, manganese deposits, 14. 
Malleable Cast Iron : 
damping capacity, 294. 
melting processes, 194. 
pearlitic, heat-treatment, 244, 
torsional fatigue tests, 294. 
whiteheart, annealing by gas process, 34. 
Malleable Iron Castings : 
American foundry plant, 44. 
repair by welding, 464. 
Manganese : 
behaviour in blast-furnaces, 734A. 
detection in steel by drop reactions, 344. 
determination in chromium-nickel steel by spectrum analysis, 
334A. 
determination in iron and steel, 344., 704. 
determination in stainless steel, 344. 
effect on creep strength of steel, 134. 
effect on hardenability of steel, 144., 684. 
effect on impact strength of cast steel at low temperatures, 284. 
effect on impact strength of steel, 144. 
effect on properties of cast iron, 31A4.: 
effect on tensile strength of steel, 144. 
electrolytic, production in America from low-grade ore, 44. 
electrolytic, use in electric and open-hearth steel production, 
21A., 624, 
electrolytic, use in stainless-steel production, 624. 
wartime production in America, 40A. 
Manganese-Chromium Steel, properties, use as substitute for nickel- 
chromium steel, 304. 
Manganese-Chromium-Vanadium Steel, properties, use as substitute 
for nickel-chromium, steel, 30A. 
Manganese Deposits : 
Alabama, cobalt-bearing, 14. 
Arizona, 1A. 
California, 1A. 
Costa Rica, 14. 
Cuba, 1A. 
Georgia, cobalt-bearing, 14. 
Gold Coast, 374A. 
Maine, 1A. 
Nevada, 1A. 
Tennessee, cobalt-bearing, 14. 
Virginia, 14. 
Washington, 14, 
West Virginia, 1A. 
world, 1A. 
Manganese-Molybdenum-Nickel Steel : 
heat-treatment, 34. 
production in electric furnace, 34. 
Manganese-Silicon Steel, hardenability and transformation char- 
acteristics, 254. ¢ 
Manganese Steel : 
cold-rolled, properties, 314. 
hardenability and transformation characteristics, 25A. 
properties, 314. 
use as substitute for nickel-chromium steel, 30A. 
Manganese-Vanadium Steel, use as substitute for chromium-nicke 
steel, 30A. 
Manvers Main Colleries Ltd., coal-cleaning plant, 24. 
Marine Corrosion Testing Station, North Carolina, 56A. 
Marine-Engine Cylinders, forging, 644. 
Martensite, formation and constitution, 15.4. 
Martensitic Cast Iron, production, 184, 
Martensitic Structure, relation to hardenability of low alloy steel, 29A 
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Mass, effect on magnetic properties of cobalt steel, 304. 
Materials, testing, 364. (Book.) 
Mechanical Hysteresis, metals, 134. 
Meehanite Cast Iron: 
effect of heat-treatment processes, 774. 
cast iron production, 184, 
Members, election, 6P. 
Mercury Deposits, California, 14. 
Metal Finishing, chemicals for, 864A. (Dictionary.) 
Metallographic Specimens, method of removal of synthetic-resin 
replicas, 154. 
Metallography, 56A. ( Dictionary.) 
X-ray analysis, 164. (Book.) 
Metallography and Constitution, 15A., 314., 544., 694., 834. 
Metallurgy, 864. (Book.) 
ferrous, developments, 50A., 834. 
ferrous, research at Watertown Arsenal Laboratory, 834. 
powdered iron, 384. 
theory, 15A. 
Metallurgical Industry : 
America, wartime developments, 404. 
Germany, comparison with America, 404. 
Metals : 
interdependence of complex properties, 274A. 
precious, electrolytic polishing, 484. 
properties and mechanical strength, 12A4., 274A. 
Metrolux Method, of crack detection, 534A. 
Mexico, tin deposits, 14. 
Micro-Bend Tests, 134. 
Microhardness Testing Machines, 124. 
Eberbach, 814, 
Knoop, 29A., 814. 
Tukon, 294., 814. 
Zeiss, 52A. 
Micrometers, X-ray, for thickness measurement, 234, 
Micro-Pendulum : 
Coulomb, for measurement of internal friction, 284. 
Coulomb, for micro-impact tests, 134. 
Microscopes : 
electron, 364A. (Book), 864. (Book.) 
electron, for examination of surface structures, 314. 
metallographic, use of anti-reflection films, 314. 
metallographic, upright and inverted types compared, 69A. 
Microstructure : 
east iron, 844, 
metals, changes during tensile tests, 864A. (Book.) 
Midlands, coal deposits, 724. 
Mild Steel : 
stress-corrosion cracking, accelerated-precipitation theory, 704. 
welding, 264. 
Milling : 
cast iron with carbide tools, 9A., 274. 
steel with carbide tools, 9A. 
Milling Cutters : 
production and heat-treatment, 464 
repair by welding, 46A. 
Millivoltmeters, 234. 
Mineral Resources, 14., 374., 724. 
Mining Industry, properties of wear-resistant steel for, 544. 
Moisture : 
effect on coking properties of coal, 724. 
effect in moulding sand, 204. 
Molybdenum : 
detection in steel by drop reactions, 344. 
determination in iron and steel, 344., 70A. 
determination in stainless steel, 344. 
diffusion in iron-molybdenum-carbon alloys, 324. 
effect on creep strength of steel, 134. 
effect on hardenability of steel, 144., 29A4., 684. 
effect on impact strength of steel, 144. 
effect on tensile strength of steel, 144. 
Molybdenum-Nickel Cast Iron, endurance limit, effect of heat-treat- 
ment, 68A. 
Molybdenum Steel : 
hardness tests, effect of prolonged heating, 534. 
structural changes during prolonged heating, 534. 
time-elongation curves, at high temperatures, 134. 
Motion Studies, foundries, 394. 
Motor-Generators, for induction heating, 434. 
Mould Cavity, factors affecting size, 744. 
Moulding : 
flanged return bends, 394, 
grey-iron engine-bed, 734, 
pump castings, equipment and methods, 744. 
Moulding Practice, 184., 394., 744. 
in Great Britain, history, 744. 
powdered metal products, 60A. 
Moulding Sand : 


British resources, 3A. 


Moulding Sand (contd.)— 
compression strength, 744. 
consumption in steel foundries, 194. 
control, 19A., 39A., 744A. 
deformation, 744, 
determination of gas-permeability, 19A. 
effect of bentonite, 744. 
effect of coal dust, 204, 
effect of moisture, 20A. 
heat transfer, 394A. 
hot-strength characteristics, 358P. 
nature and properties, 744, 
tests, 44., 39A., 744, 
tests, 364A. (Book.) 
use of split tube for forming specimens, 194. 
use of cement, 204. 
Moulding Sand Hoppers, design, 394. 
Moulds : 
design, 414. 
drying, propane torch for, 744, 
metal, for grey-iron castings, 194. 


Nails, finishing and cleaning, 794. 
National Tube Co., forging plant and processes for shells, 5A. 
Nevada : 
manganese deposits, 14. 
tungsten deposits, 14, 
New Brunswick, coal deposits, 374. 
New Jersey, Mount Hope Mine, iron ore concentration plant, 37A. 
New York, vanadium-bearing magnetite-ilmenite deposits, 14. 
Ni-Hard Iron Castings, cause of blowholes, 20A. 
Ni-Tensyl Cast Iron, production, 184, 
Nickel : 
detection by spot tests, 344. 
detection in steel by drop reactions, 344, 
gia ea in chromium-nickel steel by spectrum analysis, 
3A. 2 
determination in iron and steel, 704. 
determination in stainless steel, 344. 
Lode Oe in steel and nickel ores by polarographic analysis, 
TA. 
effect on hardenability of steel, 144., 294., 68A. 
effect on impact strength of cast steel at low temperatures, 
284, 
effect on impact strength of steel, 144. 
effect on properties of chromium-molybdenum steel, 314. 
effect on tensile strength of steel, 144, 
plating interior of steel tubes, 10A. 
preparation of surfaces for electrodeposition of chromium, use of 
Hull cell, 794. 
production, Krupp-Renn process, 384., 594. 
Nickel Coatings : 
on steel, etching, 324. 
on steel, for improving adhesion of enamel, 494. 
Nickel Ores, determination of nickel by polarographic analysis, 
71A. 


Nickel Steel : 
hardenability and transformation characteristics, 254. 
mechanical properties after quenching and tempering, 69A. 
production from laterite ore in arc furnace, 624. 
welding, 674. 
weldability, 674. 
weldability tests, 674. 

Niell, James, and Co. (Sheffield), Ltd., high-frequency electric 

furnaces, 63.4 . 

Niessner Method : 
for production of oxide prints, use of cellophane, 154, 
for production of phosphorus prints, 154. 

Nigeria, mineral resources, 724. 

Nipper Process, for rolling cast iron, 274. 

Nitralloy Steel, welding, 674. 

Nitriding : 
aircraft-engine crankshafts, 254. 
aircraft-engine cylinders, 254. 
aircraft-engine gears, 254. 
aluminium-chromium-molybdenum steel, 664. 
applications in aircraft-engine manufacture, 144, 
carbon steel, 664A. 
chromium-molybdenum-nickel steel, 664. 
chromium-molybdenum steel, 664. 
high-speed tool steel, 6A. 
steel, 634. 
steel, causes of defects, 444. 
steel, methods of acceleration, 7A. 

Nitrogen : i 
apparatus for determination by Dumas combustion method, 714. 
evolution from cast steel, 304. 

Nodulizing, iron ore, effect on blast-furnace practice, 374. 
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Nomographs : 
for calculation of machining forces, 274. 
for calculation of thickness of electrodeposited coatings, 504. 
Non-Destructive Tests : 
for castings, 50A., 81A. 
for metals, 50A. 
Non-Magnetic Coatings, on steel, determination of thickness, 114., 
814A. 
Non-Metallic Inclusions in steel, formation, 44., 414. 
North Carolina, marine corrosion testing station, 564, 
North-Eastern England, coal deposits, 72A. 
North-Midland England, coal deposits, 72A. 
North-Western England, coal deposits, 724. 
Northrop Aircraft Incorporated, inspection methods for castings, 


Northumberland, coal deposits, 724. 

Notch-Sensitivity, weld metal, 464. 

Nottinghamshire, coking-coal resources, 374. 

Nozzles, ladle, design and maintenance, 5A., 40A., 414. 


Oil : 
core, properties and tests, 194. 
lubricating, properties and applications, 85A. (Book.) 
quenching, determination of rate of absorption of oxygen, 664. 
quenching, cooling curves, photo-records, use of cathode-ray 
oscillograph, 664A. 
shale, production in British Empire, 17A. 
shale, production, use of Salermo and Davidson retorts, 17A. 
Oil Fuel : 
use in open-hearth furnaces, 214A. 
uses and conservation methods in America, 73A. 
Oil Wells, corrosion-resistant sucker rods for, 164. 
Open-Hearth Furnaces : 
acid, 75A. 
basic, design and developments, 40A. 
basic, maintenance and repair, 404. 
combustion control, 58A. 
flame radiation, measurement and control, 41A. 
fuel, selection and use, 37A. 
fuel, use of oxygen-enriched blast-furnace gas, 37A. 
hot-patching, 404. 
refractory materials for, 404. 
reversal, automatic control, 414., 62A. 
roofs, effect of changes in charge materials, 214. 
roofs, maintenance and repair, 40A. 
roofs, silica-brick, wear, 40A. 
slag-metal reactions, 184. 
small-scale, 5A., 404A. 
use of liquid fuels, 214. 
Open-Hearth Practice : 
acid, methods of improvement, 414. 
America, use of ores, 4A4., 754A. 
basic, control methods, 40A. 
basic, Steel Co. of Canada, 40A. 
France, 4A. 
slag control, 414. 
Open-Hearth Process, acid, 75A. 
Open-Hearth Slag : 
acid, fluidity tests, 364., 424. 
basic, mineralogy, 355P. 
lime /silica ratio, determination, 214A. 
Open-Hearth Steel : 
acid, deoxidation, 414. 
acid, non-metallic inclusions, formation, 414. 
acid, production with electrolytic manganese, 62A. 
liquid, occurrence of oxygen, sampling methods, 414., 624. 
residual metals in, 404. 
Optical Instruments, applications in engineering, 864. (Book.) 
Optical Methods, for measurement of surface finish, 474. 
Optical Pyrometers, 234. 
disappearing-filament type, 24A., 362P. 
Optics, electron, 364A. (Book.) 
Ordnance Equipment : 
induction-heating plant for, 6A. 
stamping processes for, 224. 
Ores : 
mining and treatment, 37A. 
8.K. porosity test, 365P. 
use in American open-hearth practice, 44., 754. 
ects er high-frequency, use in comparison of stresses in metals, 
28 


Oscillograph, cathode-ray, use in obtaining photo-records of cooling 
curves of quenching oils, 664. 
Overheating : 
chromium-molybdenum-nickel steel, 255 Paper. 
effect on drop forgings, 217 Paper. 
steel, 237 Paper. 
steel, factors affecting, 265 Paper. 


Overheating (contd.)— 
steel, methods of detection, 221P. 
steel, methods of prevention, 231P. 
Overstress, effect in fatigue tests, 514. 
Overstressing, iron alloys, 36A. (Book.) 
Oxidation : 
iron at high-temperatures, 164. 
iron-silicon alloys at high temperatures, 334. 
Oxide Films : 
formation on iron, X-ray examination, 164. 
formation on iron-silicon alloys, 334. 
Oxide Prints, production by Niessner method, use of cellophane, 
15A. 
Oxide Systems : 
in steel-furnace slags, 353P. 
in steel-furnace slags, X-ray survey, 224. 
Oxides, segregated, detection in steel, use of alkaline chromate 
etching solution, 694. 
Oxy-Acetylene Cutting : 
alloy steels, 78A. 
applications in steel plants, 274. 
chromium-molybdenum-nickel steel, 674. 
equipment, 8A. 
methods for increasing production and decreasing costs, 684. 
for removal of defects in steel castings, 27A. 
Oxy-Acetylene Cutting Machines, German, 474. 
Oxy-Acetylene Welding, cast iron, 364., 714. (Book.) 
Oxygen ; 
absorption by quenching oils, determination of rate, 664. 
effect on isothermal transformations of steel, 259 Paper. 
in liquid open-hearth steel, sampling methods, 414., 624. 
Oxygen-Enriched Blast-Furnace Gas, use as fuel in open-hearth 
furnaces, 37A. 


Paint Coatings : 
corrosion-resistant, properties, 11A. 
durability on iron and steel, effect of pretreatment methods, 
48A. 
on galvanized steel, methods to improve adhesion, 50A. 
Paints : 
anti-fouling, methods of assessment, 114. 
spraying on metals, equipment, 114. 
Passivity, metals, definition and theory, 334. 
Pattern Making, 39A4., 744., 86A. (Book.) 
Patterns : 
design and interchangeability, 744. 
making and redesigning, 394. 
use in preparation of moulds, 394. 
Pearlite, calculation of growth, 844. 
Pendulum : 
micro-, Coulomb, for impact tests, 134. 
micro-, Coulomb, for measurement of internal friction, 284A. 
Perrin Process, steel production, 624. 
Phase Boundaries, alloy steel, theory and calculation, 844. 
Philadelphia, U.S. Navy foundry plant, 214. 
Phosphatization Process, effect on corrosion resistance, 50A. 
Phosphorus : 
determination in iron and steel, 34A4., 704A. 
diffusion in steel, 14A. 
reaction in basic steelmaking process, 115 Paper. 
Phosphorus Prints, production by Niessner method, 154A. 
Phosphorus Segregations, in iron and steel, detection by contact- 
print process, 364. (Book.) ' : 
Photo-Elastic Method, stress determination, 514A. 
Photo-Electric Photometers, portable type, 36A. (Book), 70A. 
Photo-Electric Polarograph, recording, 704. 
Photo-Grids : 
production, for determination of flow and stretch of metals, 644. 
production, for measurement of distortion, 28A. 
Photometers, photo-electric, portable type, 364. (Book), T0A. 
Pickling : 
cold-worked steel, 9A. 
effect of inhibitor in acid, 104. 
metals, use of acid-resistant plastic equipment, 9A. 
steel, chemical reactions, 79A. é 
Pickling Liquor, spent, recovery methods, 794. 
Pickling Plants : 
De Lattre process, 484. 
Greer Steel Co., 104. 
for strip, 10A. 
Pickling Tanks, wire, submerged heating equipment, 104. 
Pig Iron : 
desulphurization, use of sodium carbonate, 2A. 
production in Tysland-Hole electric furnace, 384. . 
Pilger Process, seamless-tube production, 654. | 
Pin-Hole Tester, for enamelled wire, 80A. 
Pinion Shaft, rolling-mill, repair by thermit welding, 46A. | 
Pipe Lines, cathodic protection, use of zinc, 164. 
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Pipes : 
carbon-molybdenum steel, creep in high-temperature steam, 824. 
carbon-molybdenum steel, graphitization in high-temperature 
steam, 694. 
cast iron, protection by synthetic resin coatings, 104., 114. 
centrifugal casting, 214. 
production, Fretz-Moon process, 234. 
thick-walled, methods to reduce production costs, 654, 
Plastic Coatings, for steel parts, 804. 
Plastic Flow, weld metal, 784. 
Plastic Models, use in testing crankshafts, 514. 
Plastic Strain, effect on tensile strength, 684. 
Plastics : 
acid-resistant, use in pickling equipment, 9A. 
Laminac, for sealing porous castings, 744. 
use as core binders, 204. 
use in precision casting, 204. 
Plate Mills, work- and time-studies, 234. 
Plated Parts, automobile, wear, 104. 
Plated Surfaces : 
coefficients of friction, 9A. 
corrosion resistance, 94. 
Plates : 
boiler, intercrystalline cracking, effect of silica/sodium-hydroxide 
ratio in feed water, 554. 
drafting calculations, 354., 364. (Book.) 
heating, time-temperature charts, 654. 
rolled, German wartime production practice, 774A. 
shearing, work-, time-, and cost-studies, 234. 
ship, notched-tensile tests, 784. 
steel, press-forging, 54. 
supersonic testing, 334P. 
Plating, interior of steel tubes with nickel, 104. 
Plating Baths, acid, Fink and Lah type, for electrodeposition of 
alloys, 79A, 
Poisson’s Ratio : 
apparatus for measuring, 284. 
for measuring internal friction, 284. 
Polarograph, photo-electric recording, 704. 
Polarographic Analysis, determination of nickel in steel and nickel 
ores, 771A. 
Polishing : 
electrolytic, 9A., 47A4., 484. 
metals, comparison of methods, 9A. 
stainless steel, 84. 
Porosity, of ores and sinters, determination, 365P. 
Potentiometric Instruments, 234. 
Pouring Speed, effect on production of thin-walled steel castings, 60A. 
Pouring Technique, effect on casting-pit performance, 404. 
Powder Metallurgy, 24., 184., 384., 594., 60A. 
Powdered Iron : 
hot-pressed, properties, 594. 
hot-pressing methods, 59A. 
metallurgy, 384. 
Powdered Iron Products, moulding processes, 60A. 
Powdered Metal Products : 
die design, 34. 
manufacture, 34., 184A. 
moulding processes, 604A. 
Powders, eke for manufacture of welding-electrode coatings, 84., 
47A, 
Precious Metals, electrolytic polishing, 484. 
Presidential Address, by C. H. Desch, F.R.S., D.Sc., 33P. 
Press-Forging : 
America, developments, 764. 
plates, 54, 
Press-Forging Machines, 764. 
Presses : 
forging, 5A. 
hot-stamping, 5A. ' 
hydraulic, 22A. 
Pressings, stretcher-strain markings, 764. 
Producer Gas : 
evaluation of efficiency, 2A. 
utilization in Great Britain, 38A. 
Producer Practice, 2A., 384. 
Producers, modern developments, 2A. 
Production Control in foundries, 39A. 
Propane Torch for drying moulds, 744. 
Propeller Blades : 
aircraft, experimental heat-treatment furnaces for, 77A. 
aircraft, manufacture, 654. ; 
Pulverized Coal, see Coal, Pulverized. 
Pump Castings, moulding and casting, equipment and methods, 744. 
Pyrometers : 
optical, 234. 
optical, disappearing-filament type, 244., 362P. (Correspondence.) 
radiation, for control of open-hearth furnace reversals, 624. 
Pyrometric Equipment, desgin and applications, 23A4., 244. 


Quality Control : 

for engineers, 364, (Book.) 

flash welding, 464, 

in foundries, 4A. 

grey-iron castings, 734. 

statistical methods, 13A4., 214. 

statistical methods, metal stampings, 764. 

statistical methods, refractory materials, 574. 

statistical methods, spot welds, 674. 
Quench Cracking, alloy steel, relation to hardenability, 814. 
Quenching : 

steel balls, time-temperature-volume relationships, 264. 

water, effect on chromium steel, 264A. 

water, effect on chromium-vanadium steel, 264. 
Quenching Equipment, for heat-treatment furnaces, 774. 
Quenching Media, cooling properties, 77A. 
Quenching Oil : 

absorption of oxygen, determination of rate, 66A. 

cooling curves, photo-records, use of cathode-ray oscillograph, 

66A. 


Radiant Heating, 254. 
application to metal finishing, 364. (Book.) 
Radiant-Tube Furnaces, for fusion of electrodeposited tin, 104. 
Radiation Pyrometers, for control of open-hearth reversals, 624. 
Radiographic Examination: 
in Germany, 844. 
metals, 814. 
Radiographs, interpretation, 544. 
Radiography : 
gamma-, for examination of steel castings, 832A, 
gamma.-, for examination of welds, 324. 
see also X-Ray Examination. 
Railway Wagon Wheels, production, 194. 
Rails, investigations in France, 834. 
Rectifiers, electric current, for steel plants, 234. 
Recuperators : . 
for soaking pits, 634. 
metallic, 584A. 
Reflectoscope : 
supersonic, for detection of defects, Sperry type, 684. 
supersonic, for detection of flaws in metal, 124. 
Refractory Materials, 574. 
for electric furnaces, 22A. 
for ladles, 40A. 
for open-hearth furnaces, 40A. 
statistical quality control, 57A. 
for steel plants, 57A. 
storage methods, 404. 
tests, 574. C 
Refractory Materials (Alumina), properties and manufacture, 574. 
Refractory Materials (Carbon Bricks), for blast-furnaces, 574. _ 
Refractory Materials (Chrome-Magnesite Bricks), resistance to iron- 
oxide bursting, 57A. 
Refractory Materials (Magnesite), properties and manufacture, 574. 
Refractory Materials (Mullite), for open-hearth furnaces, 404. 
Refractory Materials (Silica Bricks) : 
for open-hearth roofs, wear, 404. 
properties and manufacture, 574. 
Regenerators : 
for coke ovens, 584. 
heat flow, study by electrical analogue, 724. 
Reheating Furnaces, 634. 
oil-operated charging machines for, 634. 
Relays, electric overload, for rolling-mill motors, 644. _ 
Renault Works, research on impact strength and brittleness of 
materials, 52A. : 
Replicas, synthetic-resin, method of removal from metallographic 
specimens, 15A. 
Republic Steel Corporation, blowing out blast-furnaces, 594. 
Resin, use as core binder, 744. 
Resin Coatings : 
synthetic, 10A., 114. wins 
synthetic, for petrol tanks, German methods of application, 804, 
Retorts, for shale-oil production, Salermo and Davidson types, 17A, 
Return Bends, flanged, moulding, 394. 
Rheolaveur Coal-Cleaning Process, 24. 
Rhodium, electrolytic polishing, 484. 
Rivets, shear-test data, 514. 
Rock Wool, manufacture and uses, 184. 
Rocket Projectiles, manufacture, 644. 
Rockwell Hardness, alloy steel, calculation, 684. 
Rolled Plates, German wartime practice, 774. 
Rolled Sheets, German wartime practice, 774. 
Rolling : 
American practice, 764. 
cast iron, Nipper process, 274. 
cold-, factors affecting yield stress, 23.4, 
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Rolling (contd.)— 
cold-, sheet, British practice, 644. 
cold-, strip, British practice, 64A, 
hot-, factors affecting yield stress, 23A. 
load and roll-pressure relationships, 23A. 
Rolling-Mill Plant ; 
Bethlehem Steel Co., 23A. 
Kaiser Co., 64A. 
Volta Redonda Steelworks, 23A. 
Wheeling Steel Corporation, 854. (Book.) 
Rolling-Mill Practice, 234., 644., 764. 
Rolling Mills : 
bar, 23A., 64A. 
design and development in Britain, 644A. 
electric motors, overload relays for, 64A. 
guides, 234. 
Krause, 76A. 
pinion shaft, repair by thermit welding, 464. 
tube, 23A. 
Uni-Temper, 764. 
Rolls : 
American, design and production, 644. 
worn, repair of, 65A. 
Rotary Furnaces, Krupp-Renn, 384., 594. 
Rotary Kiln, for sponge-iron production, Wyoming, 184. 
Russia : 
design of castings, 20A. 
iron and steel industry, 214., 40A., 75A. 
research on corrosion resistance of materials, 55A. 
steel foundries, bibliography, 194A. 
Rustless Iron and Steel Corporation: 
sodium-hydride descaling plant, 784. 
stainless-steel production, use of electrolytic manganese, 624.. 


Safety Precautions, electrical plant, 224. 
Salamanders, removal from blast-furnaces, 734. 
Salermo Retorts for shale-oil production, 17A. 
Salt Baths : 
for heat-treatment, 6A., 7A., 43A., 65A., 66A., 77A. 
for heat-treatment and cleaning of wire, 774. 
for treatment of high-speed steel before hardening, 664. 
Sampling, liquid steel in casting-pit, 634. 
Sand Conveyors, dust removal, 614. 
Scaling Resistance, chromium-nickel heat-resistant steel, 314. 
Schori Pistol, use in flame-spraying metal powders, 504. 
Scrap : 
segregation, 414. 
stainless steel, types and analyses, 634, 
Sea, raw materials from 86A. ( Book.) 
Sea Water, chemical and biological research, 714. (Book.) 
Segregation : 
gravity-, calculation for liquid binary alloys, 36A. (Book.) 
temperature-, calculation for liquid binary alloys, 36A. (Book,) 
Selenium, applications in aircraft-engine manufacture, 144. 
Semi-Steel, production, 18A. 
Shafting, calculation of stress distribution, 514. 
Shake-Out Machines for large castings, 744. 
Shale, carbonization, 17A. 
Shale Oil : 
production in British Empire, 174. 
production, use of Salermo and Davidson retorts, 174. 
Shear Blades, welding, 84. 
Shear Tests : 
data for rivets, 514A. 
micro-, 13A. 
Shearing : 
plates, work-, time-, and cost-studies, 234. 
stainless steel, 8A. 
Sheet Metal Drafting, 354. (Book.) 
Sheets : 
cold-rolling, British practice, 644. 
contour- and stretch-forming machines for, 434. 
deep-drawing, splitting, 284. 
drafting calculations, 354., 364. (Book.) 
gas-welding, distortion, 674. 
rolled, German wartime production practice, 774. 
stainless steel, processing methods, 434, 
spot-welding, measurement of electrical resistance, 674A. 
thickness measurement by X-ray micrometer, 234, 
Shells : 
forge plant for, 5A. 
forging, 5A. 
forging, Witter process, 764. 
heat-treatment, cooling properties of quenching media, 774. 
X-ray examination, 544, 
Ship Plates, notched-tensile tests, 784. 
Shipbuilding, materials for, 824. 
Shot, for shot-peening, properties, 804. 


Shot-Blasting, metals, 94. 
Shot-Blasting Machines, 614. 
Shot-Peening : 
aircraft-engine gears, effect on fatigue strength, 654. 
effect on fatigue, examination by X-ray diffraction, 524A. 
properties of shot for, 804. 
wire, effect on fatigue strength, 804. 
Shrink Fits, 664. 
Silica: 
reduction by liquid steel, 22A., 424. 
see also Refractory Materials. 
Silica Bricks, see Refractory Materials. 
Silica/Sodium-Hydroxide Ratio in feed water, effect on inter- 
crystalline cracking of boiler plates, 55A. 
Silicate Inclusions, in basic electric steel, origin and formation, 
42A, 


Silicon : 
behaviour in blast-furnaces, 734. 
control in Tysland-Hole electric furnace, 384. 
determination in chromium-nickel steel by spectrum analysis, 
33A. 
determination in iron and steel, 344., 704. 
effect on creep strength of steel, 134. 
effect on flowability of steel, 284. 
effect on hardenability of steel, 144. 
effect on impact strength cast of steel at low temperatures, 
284A. 
effect on impact strength of steel, 144. 
effect on tensile strength of steel, 144. 
impregnation in steel, 104. 
Silver : 
applications in aircraft-engine manufacture, 144. 
electrodeposition, 114, 
production, Krupp-Renn process, 38A., 594. 
Sinter : ; 
8.K. porosity test, 365P. 
use in blast-furnace practiee, 174. 
Sintering, iron ore, effect on blast-furnace practice, 374, 
Sintering Plants, Germany, methods to improve output, 37A. 
Sintering Tests, American Foundrymen’s Association, 614. 
8.K. Porosity Test, for ores and sinters, 365P. 
Slabs, supersonic testing, 334P. 
Slag : 
acid open-hearth, fluidity tests, 36A., 424. 
basic, mineralogy, 355P. 
basic, X-ray examination, 135P. 
control, 414. 
cupola, 18A. 
open-hearth, lime/silica ratio, determination, 214. 
technology, 3A. 
Miglding viscosity, determination by modified Herty viscometer, 


Slag Concrete, compression strength and specific gravity, 34. 
Slag-Metal Reactions : 

in basic steelmaking process, 115 Paper. 

in cupolas, 18A, 

in open-hearth furnaces, 18A. 
Slag Reactions, in basic electric steel production, 5A. 
Slag Systems : 

oxide, 353P. 

oxide, X-ray survey, 22A. 
Slag Wool, manufacture and uses, 184. 
Smelting, iron ore, 364. (Book.) 
Soaking Pits : 

combustion control, 584. 

control instruments, 634. 

Luken Steel Co., 634. 

recuperative, 634, 

see also Reheating Furnaces. 
Society of Automotive Engineers, Inc., Handbook, 1945, 364. 
Sodium, applications in aircraft-engine manufacture, 144. 
Sodium Carbonate, use in desulphurization of pig iron, 24.. 
Sodium-Cyanide Treatment, high-speed steel, 664, 
Sodium-Hydride Process, for descaling steel, 484. 
Soldering, methods and developments, 474. 
Solidification : 

iron castings, 18A. 

metals, 614A. 
Solidification Diagrams, binary, investigation, 324A. ~ 
Solidification Rates, steel castings, 614. 
Solubility : 

iron-oxide inclusions in iron, 154. 

titanium carbide in steel, 154. 
Sorting, metals, electrical method, 69.4. 
South Africa, coal resources, Witbank coalfield, 37.4. 
Soviet Union, see Russia. | 
Spark-Gap Converters, for induction heating, 25A4., 43.4, 
Specific Gravity, foamed-slag concrete, 34. 
Spectrographic Inspection, metals, 814. 


SUBJECT INDEX. 17 


Spectrum Analysis : 
alloys, 334., 344., 354. (Book.) 
chromium-nickel steel, 334. 
determination of aluminium in steel, 144., 714. 
determination of calcium in iron, 334. 
determination of metallic impurities in steel, 714A. 
determination of titanium in iron and alloy steels, 714. 
evaluation of data by statistical methods, 704. 
semi-automatic accessory apparatus, 714. 

Sperry Supersonic Reflectoscope, for detection of defects, 684. 


Spheroidization, relationship with graphitization in deoxidation 


of steel, 22.4. 
Spinning, bombs, 764. 
Splitting, in deep-drawing of steel sheet, 284. 
Sponge Iron : 
Hoganis process, 384, 
production in America, using low-grade fuel, 44. 
production from ceramic hematite, 3A. 
production in rotary kiln, Wyoming, 184A. 
production in Sweden, 34. 
Spot Tests : 
for detection of cobalt, 34A. 
for detection of iron, 344A. 
for detection of nickel, 344. 
Sprayed Coatings : 
metal, formation and adhesion, 114A. 
metal, properties, 50A. 
Spraying : 
metal powder, use of Schori flame pistol, 504. 
metals, 114., 504A. 
metals, for repair of worn parts, 804. 
Spraying Equipment, 114. 
Spraying Gun, for metals, 504. 
Spring Industry, Germany, 644. 
Spring Steel, cold-drawn, elastic properties, 434, 
Stabilizing, stainless steel, 434. 
Stainless Steel : 
analysis, absorptiometric method, 344. 
annealing, 43A. 
applications in aircraft-engine manufacture, 144. 
composition and properties, 434. 
corrosion resistance, 144. 
descaling, sodium-hydride process, 484. 
determination of titanium by spectrum analysis, 714. 
effect of cold-rolling, 764. 
electroplating methods, 494. 
etching, 544. 
processing, 8A. 
production with electrolytic manganese, 62A. 
properties, processing, and wartime uses in Germany, 534. 
stabilizing, 434. 
stress-relieving, 434. 
for turbine blades, 14A., 314. 
types and analyses, 63A. 
weldability, 26A., 464. 
Stainless-Steel Cylinders, drawing, 434. * 


Stainless-Steel Parts, for aircraft engines, resistance welding, 674. 


Stainless-Steel Tubes, corrosion by naphtha, 164. 
Stainless-Steel Wire : 

descaling, sodium-hydride process, 484, 

hydrogen embrittlement, 824. 
Stamping : 

America, developments, 764. 

machine-gun mountings, 22A. 
Stamping Practice, 364A. (Book.) ‘ 
Stampings, metal, quality control by statistical methods, 764. 
Statistical Methods : 

for evaluation of spectrum analysis data, 70A. 

for quality control, 134., 214. 

for quality control of metal stampings, 76A. 

for quality control of refractory materials, 574. 

for quality control of spot welds, 674A. 
Steam : 

corrosion of metals, methods of reducing, 554. 

high-temperature, creep of carbon-molybdenum steel, 824. 


high-temperature, graphitization of carbon-molybdenum steel 


tubes, 694. 
Steam Hammers, 424. 
Steam Pipes : 
carbon-molybdenum steel, creep, 824. 


carbon-molybdenum steel, graphitization at high temperatures, 


694A. 

Steam Plants : 

combustion control, 58A. 

operation and maintenance, 36A., 714A. (Book.) 
Steam Superheaters, carbon-molybdenum steel, creep, 824. 
Steam Turbines for blast-furnace blowers, 174. 
Steel : 

alloy, annealing, 664. 


Steel (contd.)— 


alloy, for boilers, creep tests, German methods, 82A. 

alloy, British Standards Institution schedule, 864. (Book.) 

alloy, calculation of phase boundaries, 844. 

alloy, comparison with alloy-treated steel, 544. 

alloy, creep tests, in air furnaces, 144. 

alloy, equilibrium relationships, calculation, 844. 

alloy, hardenability, 254. 

alloy, hardenability, Grossman and experimental methods of 
calculation compared, 804. 

alloy, hardenability, relation to quench cracking, 814. 

alloy, hardenability specifications, America, 814. 

alloy, heat-treatment, 634. 

alloy, oxy-acetylene cutting, 784. 

alloy, properties, effect of combined stresses, 50A. 

alloy, Rockwell hardness, calculation, 684. 

alloy, tensile tests, 50A. 

alloy, time-elongation curves at high temperatures, 134. 

alloy, transformations, 25A. 

alloy, weldability, 664. 

alloy (low), atmospheric corrosion, 554. 

alloy (low), diffusion of carbon, 144. 

alloy (low), diffusion of phosphorus, 14A. 

alloy (ew); martensite structure and hardenability relationship, 
294, 

alloy (low), welding, 67A. 

aluminium additions, factors affecting efficiency, 414. 

aluminium-clad, spot-welding, measurement of electrical resist- 
ance, 67A. 

analysis, standard methods, 36A. ( Book.) 

atomic structure, examination, use of X-ray powder photographs, 
834. 

austenite decomposition, 854, 

austenite decomposition, coalescence of cementite, 24A. 

bonding to aluminium, Al-Fin process, 264. 

British En, properties, effect of heat-treatment, 534. 

British En standard specifications, 314., 544. 

carburization, preparation of atmospheres, 434. 

case-hardened, effect of alloying elements on case depth, 64. 

case-hardened, measurement of case depth, 6A., 244. 

clean, production in large quantities, 414. 

for cold-heading dies, factors affecting quality, 144. 

cold-worked, pickling, 9A. 

corrosion by hydrogen chloride, 704. 

corrosion by hydrogen sulphide, 704. 

corrosion, methods of prevention, 364. (Book.) 

corrosion, research in Britain, 554. 

corrosion-resistant, determination of zinc, 344. 

creep, effect of grain size, 824. 

creep, effect of heat-treatment, 824. 

creep resistance, 824. 

creep strength, effect of elements, 134. 

creep strength, effect of heat-treatment, 13A., 824. 

creep strength, effect of titanium, 134. 

creep tests, 69A. 

creep tests, at high temperatures, 534. 

damping capacity, effect of carbon, 52A. 

damping capacity, effect of chromium, 524. 

damping capacity, effect of cold-work, 524. 

defects in, detection by Hypersonic analyser, 69A. 

defects in, methods of detection, 314. 

deoxidation, 414. 

deoxidation, with aluminium, spheroidization and graphitization 
relationship, 224A. 

descaling, sodium-hydride process, 484. F 

detection of phosphorus segregations by contact-print process, 
364A. (Book.) 

die, properties, 314., 684. 

diffusion of copper, 204. 

drawability, determination, 644. 

effect of carbides, 844. 

effect of hydrogen, 364A. (Book.) : . 

effect of pretreatment methods on durability of paint coatings, 
48A, 

effect of sulphur, 804. 

embrittlement, 52A. 

embrittlement, at high temperatures, 534. 

flowability, effect of aluminium, 284. 

flowability, effect of silicon, 284. 

flowability, effect of temperature, 284. 

formation of hair-line cracks, 99P. 

fracture at high temperatures, 694. 

fracture stress, 28A. , : 

galvanized, methods to improve adhesion of paint coatings, 50A., 

gaseous carburization, 654. 

graphitization, factors affecting, 304. 

hardenability, 364, (Book), 814. 

hardenability, calculation by Grossmann method, 684., 804. 

hardenability, effect of elements, 144., 29A., 68A. 
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Steel Wool, properties and manufacture, 83.4. 
Steering Gears, automobile, forging, 644. 


Stoppers : 
ladle, design and maintenance, 5A4., 40A., 414. 


ladle, testing methods, 40A. 
Strain : 


Steel (contd. )— 
hardenability, factors affecting, 414. 
hardenability specifications, 124. 
heat flow, 614. 
heat-treatment, 854. ( Book.) 
heat-treatment, effect of alloying elements, 434. 
heat-treatment, isothermal, 65A. in deep-drawing and pressing processes, 764. 
heat-treatment, time-temperature-transformation curves, 64., plastic, effect on tensile strength, 684. 

244, theory, 284. 4 

heating, 864. (Book.) Strain-Ageing, steel, effect of titanium, 514. 
high-tensile, hot- and cold-workability, 684. Strain Gauges, design and applications, 514., 814. 
high-tensile, weldability, 674. Strain-Sensitivity, carbon steel, effect of deoxidation, 414. 
hot-workability tests, effect of elements, 68A. Strength of Materials, definitions and terms, Swedish Bureau for 
impact strength, effect of elements, 144, Technical Nomenclature, 834A. 
impregnation with elements, use of solid and gaseous media, 10A. Stress : 
internal stress, measurement by X-rays, 514. fracture, of steel, 284. . 
isothermal transformation diagrams, 32A4., 544. yield, of metals, effect of cold- and hot-rolling, 234. 
lead-bearing inclusions, detection, 15A. Stress Concentration, effect on tensile strength, 684. 
low-temperature treatment, 43A. Stress-Corrosion Cracking : 
liquid, reduction of silica, 224., 424. metals, 364A. (Book). 
liquid, sampling, 634. mild steel, accelerated-precipitation theory, 704. 
machining, 864. (Book.) Stress Relief, stainless steel, 434. 
machining tests, 94. Stress-Strain Properties, carbon steel, effect of cold-rolling, 284. 
magnetic properties, effect of small stresses, 304. Stresses : ‘ 
for magnets, properties, 814. combined, effect on brittle fracture, 28A. 


mechanical properties, effect of hydrogen, 101P. 

milling with carbide tools, 94. 

nitriding, 634. 

nitriding, causes of defects, 444. 

nitriding, methods of acceleration, 7A. 

ordinary and special types, 36A. (Book.) 

pickling, chemical reactions, 79A. 

preparation of surfaces for electrodeposition of chromium, use of 
Hull cell, 794. 

preparation of surfaces for painting, flame-priming method, 484. 

processing, developments, 50A. 

production, 4A., 21A., 40A., 61A., 754. 

production, America, developments in 1945, 744. 

production, American wartime practice, 44, 

production, developments, 50A4., 834. 

production in are furnaces, 634. 

production in Great Britain, developments, 61A4., 75A. 

production in high-frequency induction furnace, 224. 

production, manufacture of crucibles for, 57A. 

production, Perrin process, 624. 

production, use of electrolytic manganese, 214., 624. 

properties and applications, 564. (Book.) 

properties, developments in research, 504. 


combined, effect on properties of alloy steel, 50A. 

combined, effect on properties of carbon steel, 504. 
determination, photo-elastic method, 514. 

determination, use of brittle coatings, 514. 

distribution in shafting, calculation, 514. 

in ground metal surfaces, 274. 

in metals, comparison, use of high-frequency oscillator, 284, 
internal, in steel, measurement by X-rays, 514. 

small, effect on magnetic properties of steel, 304. 


Stretch-Forming Machines for sheet metals, 434. 
Strip 


cold-rolling, British practice, 64A. 
continuous welding machines for, 264. 
electroplating, 484. 

pickling plant, 104. 


Structure : 


atomic, steel, examination, use of X-ray powder photographs, 
83A. 

carbon steel, changes during prolonged heating, 534. 

chromium steel, revealing by temper-colour process, 15A. 

martensitic, relation to hardenability in low alloy steel, 294. 

molybdenum steel, changes during prolonged heating, 534. 

surface, examination by electron microscope, 314. 


Structural Hardening, of steel, 524. 
Structural Steel, strength under fluctuating multi-axial loads, 364. 
(Book.) 
Studs : 
electrical equipment for manufacture, 6A. 
precision, manufacture, 6A. 
Substitutes, for metals and industrial materials, 854. (Book.) 
Sucker Rods, corrosion-resistant, for oil wells, 16A. 
Sulphur : 
determination in iron and steel, 70A. 
effect in cast iron, 80A. 
effect in steel, 804. 
wartime production in America, 404. 
Sulphur Dioxide, determination in ferro-alloys, 344. 
Sulphur-Print Method, for study of corrosion-fatigue of chromium- 
molybdenum steel, 524. 
Sulphur Steel, machinability, 47A. 
Summers, John and Sons Ltd., hot-dip galvanizing plant, 49A. 
Superheaters, steam, carbon-molybdenum steel, creep, 824. 
Superheating Sensitivity, determination in aluminium-killed carbon 
steel, 144. 
Supersonic Flaw Detector, 321P. 
Supersonic Inspection, for detection of defects, 69.4. 
Supersonic Reflectoscope : 
for detection of flaws in metal, 12A. 
Sperry, for detection of defects in billets and blooms, 684A. 
Supersonic Tests : 
applications in steel plants, 329P. 
on billets and bars, 332P. 


ratio of fatigue strength to elastic limit, 124. 
removal of hydrogen, 67 Paper. 
segregated oxides in, detection, use of alkaline chromate etching 
solution, 694. 
soldered, brittleness, 836A. (Book.) 
solubility of titanium carbide, 154. 
structural hardening, 524. 
temper brittleness, 32A., 53A. 
tensile strength, effect of elements, 144. 
treatment before painting, 367P. (Synopsis of Special Report.) 
wartime specifications, America, 544. 
wartime specifications, Australia, 544. 
wartime specifications, Great Britain, 544. 
wear-resistant, for mining industry, 544. 
welded, formation of cracks, effect of hydrogen, 454A. 
for welding, factors affecting selection, 674. 
work-hardening, effect of machining, 524. 
X-ray examination, penetration intensity, 15A. 
Steel Castings, see Castings, steel. 
Steel Industries, see Iron Industries. 
Steel Plants : 
American, bibliography, 194. 
applications of oxy-acetylene cutting, 274. 
applications of supersonic testing, 329P. 
British, bibliography, 194A. 
electric current rectifiers, 234. 
electric power distribution, 404., 75A. 
fuel consumption, 24. 
illumination, 76A. 


machinery, electronic control, 234. 
maintenance, 5A. 

maintenance, applications of welding, 464. 
moulding-sand consumption, 19A, 


for detection of cracks, 319 Paper. 

on castings, 335P. 

on slabs and plates, 334P. 

surface preparation of specimens, 338P. 


on welds, 336P. 
Supersonic Waves, for detection of flaws in metals,12A4., 32A4., 684. 
Surface Films, on metals, effect on electrodeposited coatings, 9A. 
Surface Finish : 

measurement, 814. 

measurement, by optical methods, 474. 
Surfaces : 

cast iron, preparation for enamelling, 94. 


refractory materials for, 574. 
Russian, bibliography, 194. 
small-scale, 54., 404. 
water supply, 764. 
Wheeling Steel Corporation, 854. (Book.) 
Steel Structures : 
light, for buildings, production in Germany, 774. 
light, corrosion-prevention methods, 564. 
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Surfaces (contd.)— 
ground, detection of cracks, 27A. 
metal, as for electrodeposition of chromium, use of Hull 
cell, 79A. 
plated, coefficients of friction, 9A. 
plated, corrosion resistance, 9A. 
preparation for supersonic testing, 338P. 
steel, preparation for painting, flame-priming method, 484. 
structure, examination by electron microscope, 314. 
Sweden : 
Bureau for Technical Nomenclature, 
definitions, and terms, 834. 
iron and steel industry, statistical information, 754A. 
production of sponge iron, 34. 
wartime fuel problems, 151 Paper. 
Swedish Iron Ore, recovery of magnetic pyrites, 724. 
Swelling Power of coal, 72A. 
Switzerland, dry-cooling of coke, 384. 


strength of materials, 


Tank Drives, heat-treatment plant, 254. 
een Gears, heat-treatment, prevention of decarburization, 254. 
anks ; 
petrol, application of synthetic coatings, German methods, 804. 
storage, protection by synthetic-resin coatings, 114. 
Tar, use as fuel in open-hearth furnaces, 214. 
Tellurium : 
use as chill-inducing medium in cast iron, 734A. 
use in core-washes, 20A. 
Temper Brittleness : 
chromium-molybdenum-vanadium steel, 814. 
steel, 32A., 534. 
pics opiates Process, for revealing structure of chromium steel, 
15A. 
SESE Sak ee Hebe hen calculation for liquid binary alloys, 36A. 
(Book.) 
Temperatures : 
critical, for forging steel bars, determination, 224. 
effect on flowability of steel, 284. ‘ 
high, creep tests, 13A., 534. 
high, embrittlement of steel, 534. 
high, fracture of steel, 694. 
high, steam, creep of carbon-molybdenum steel, 824. 
high, steam, graphitization of carbon-molybdenum steel tubes, 
69A. 
high, strength of chromium-molybdenum-titanium steel, effect of 
variations in composition, 304. 
high, time-elongation curves, alloy steel, 134. 
initial heating, effect on properties of chromium-molybdenum- 
nickel steel, 45A. 
low, impact strength of cast steel, effect of alloying elements, 284. 
low, transformation of austenite, 26A. 
low, treatment of high-speed tool steel, 64. 
low, treatment of steel, 434. 
steel baths, determination, 414. 
Tempering : 
gears, heat-treatment furnaces for, 7A. 
steel, 854A. (Book.) 
steel, time-temperature relationships, 24A. 
Tennessee, cobalt-bearing manganese deposits, 1A. 
Tensile-Fatigue Tests, effect of rest periods, 514. 
Tensile Strength : 
east iron, 27A. 
cast iron, effect of graphite, 514. 
deformed metals, 114A. 
metals, effect of triaxiality, 684. 
metals, effect of stress concentration, 68A. 
relation to Brinell hardness of grey cast iron, 274A. 
steel, effect of elements, 14A. 
Tensile Tests : 
alloy steel, 504. 
carbon steel, 504A. j 
chromium-molybdenum-nickel steel, welded, 674A, 
effect on microstructure, 86A. (Book.) 
fatigue, metals, effect of rest periods, 51/4. 
micro-, 134. 
notched-, steel ship-plates, 784. 
welded joints, 46A. 
Tensile-Impact Tests, water-quenched alloy steels, 26A. 
Test Specimens, preparation of surfaces for supersonic testing, 338P. 
Testing, materials, 364A. (Book.) 
Testing Machines : 
corrosion, 29A. 
creep, 134., 824A. 
fatigue, 12A., 52A. 
hardness, Brinell, 52.4. 
hardness, micro-, 124. 
hardness, micro-, Eberbach, 814. 
hardness, micro-, Knoop, 294., 814. 
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Testing Machines (contd.)— 
hardness, micro-, Tukon, 29A4., 814A. 
hardness, micro-, Zeiss, 524. 
magnetic sorting bridge for ferro-magnetic materials, 80A. 
pin-hole, for enamelled wire, 80A. 
wear, 294, 
Tests : 
agglutinating, for coking coal, 584. 
bend, micro-, 134. 
bend, welds, cast steel, 784. 
bend, yield point in bars and tubes, 514. 
bend-fatigue, chromium-molybdenum flash-welded steel, 784. 
bend-fatigue, weld metal, 464. 
centrifugal castings, 614. 
coking, South African coal, 374. 
core binders, 19A., 204A. 
core oils, 19A. 
core sand, 394. 
corrosion, total immersion, apparatus, 70A. 
creep, 304. 
creep, alloy steel, in air furnaces, 144. 
creep, boiler steel, German methods, 824. 
creep, carbon steel, correlation of short-time and long-time, 814. 
creep, chromium-nickel steel, 824. 
creep, high-temperature, 134., 53A. 
creep, steel, 69A. 
creep, steel, at high-temperatures, 534. 
creep, thin-walled steel tubes, effect of cold-work, 144. 
creep, thin-walled steel tubes, effect of heat-treatment, 144. 
creep, tin-cadmium alloys, 534. 
fatigue, effect of overstress, 514. 
fluidity, acid open-hearth slag, 36A., 424. 
fluidity, chromium-molybdenum steel, 214. 
fracture, for aircraft-engine forgings, 544. 
grinding, steel balls, 314. 
hammer, for detection of cracks in welds, 8A. 
hardenability, in aircraft-engine manufacture, 144. 
hardenability, cast iron, 814A. 
hardenability, Jominy, 434., 524. 
hardenability, steel, 814. 
hardness, carbon steel, effect of prolonged heating, 534. 
hardness, chromium-molybdenum-nickel steel, welded, 674. 
hardness, metals, 294. 
hardness, molybdenum steel, effect of prolonged heating, 534. 
hardness, welded joints, 46A. 
hot-workability, steel, effect of elements, 684. 
impact, chromium-molybdenum-nickel steel, welded, 674. 
impact, chromium-molybdenum-vanadium steel, 814. 
impact, micro-, use of Coulomb micro-pendulum, 134, 
impact, notched-bar, 114. 
jet, B.N.F., for determination of thickness of zinc coatings, 504, 
machining, cast iron, 94., 274. 
machining, steel, 94. 
machining, sulphur steel, 474. 
Magnaflux, aircraft-engines, 144. 
magnetic, steel bars, 134. 
magnetic, steel bars, use of Cyclograph apparatus, 134. 
moulding sand, 44., 36A. (Book.), 39A., 744. 
moulding sand, determination of gas-permeability, 194. 
moulding sand, use of split tube for forming specimens, 194. 
non-destructive, 50A4., 814. 
notched-tensile, steel ship-plates, 784. 
refractory materials, 574. 
shear, data for rivets, 514. 
shear, micro-, 13A. 
sintering, American Foundrymen’s Association, 614. 
S.K. porosity, for ores and sinters, 365P. (Correspondence. ) 
spot, for detection of cobalt, 344. 
spot, for detection of iron, 344. 
spot, for detection cf nickel, 344. 
steel castings, 604. 
supersonic, applications in steel plants, 329P. 
supersonic, on billets and bars, 332P. 
supersonic, on castings, 335P. 
supersonic, for detection of cracks, 319 Paper: 
supersonic, on slabs and plates, 334P. 
supersonic, surface preparation of specimens, 338P. 
supersonic, on welds, 336P. 
tensile, alloy steel, 50A. 
tensile, carbon steel, 504. 
tensile, chromium-molybdenum-nickel steel, welded, 67A. 
tensile, effect on microstructure, 86A. (Book.) 
tensile, micro-, 134. 
tensile, welded joints, 464. 
tensile-fatigue, metals, effect of rest periods, 514, 
tensile-impact, water-quenched alloy steels, 264. 
torsion, micro-, 13A. 
torsional fatigue, malleable cast iron, 294. 
weldability, cast steel, 84., 784. 
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Tests (contd. )— 
weldability, nickel steel, 674. 
weldability, research work by British Welding Research Associa- 
tion, 454, 
welded tubes, modified Magnaflux method, 84. 
welds, 464. 
X-ray, welds, 26A. 
Test Bars, steel, casting, 60A. 
Texas, removal of blast-furnace from Florida, 184. 
Thermal Efficiency of furnaces, 584. 
Thermionic Oscillators, for induction heating, 434. 
Thermit Welding, for repair of rolling-mill pinion shaft, 464. 
Thermocouples, 234. 
Thyssen-Emmel Process, cast-iron production, 184, 
Time-Elongation Curves, alloy steel, at high temperatures, 134. 
Time Studies : 
foundries, 39A. 
plate mill finishing shop, 234. 
shearing of plates, 23A. 
Time-Temperature Charts, for heating bars and plates, 654. 
Time-Temperature Relationships, in tempering steel, 24A. 
Time-Temperature-Transformation Curves, for heat-treatment of 
steel, 6A., 24A, 
Time-Temperature Transformations, in chromium steel, 324. 
Time-Temperature-Volume Relationships, quenching steel balls, 264. 
Timken Roller Bearing Co., development of chromium-molybdenum- 
nickel steel for gas turbines, 824. 
Tin, electrodeposition, 10A. 
Tin-Cadmium Alloys, creep tests, 534. 
Tin Coatings : 
on food containers, American wartime standards, 104, 
fusion, 10A. 
research, 49A. 
Tin Ore Deposits : 
Mexico, 14. 
Virginia, 1A, 
Washington, 14. 
Tinning : 
by immersion method, 79A. 
cast iron, 49A. 
cast iron, 360P. 
electro, 10A. 
electro, food containers, American wartime standards, 10A. 
Tinplate, lacquering and decorating methods, 804. 
Tin-Zine Alloys, electrodeposition, 804. 
Titanium : 
detection in steel by drop reactions, 344. 
determination in iron and alloy steels by spectrum analysis, 714. 
effect in carbon steel, strain-ageing, 514. 
effect on creep strength of steel, 134. 
effect on hardenability of steel, 294. 
Titanium Carbide, solubility in steel, 154. 
Titanium Steel, properties, 834. 
Tool Steel, 864A. (Book.) 
classification, 83A. 
production, 41A, 
production in Germany, 614, 
treatment, selection, and economic use, 9A. 
Tool Vibration, investigation, 9A. 
Tools : 
carbide, for milling cast iron, 9A., 27A. 
carbide, for milling steel, 9A. 
carbide, selection and uses, 27A. 
cutting, treatment, selection, and use, 9A. 
cutting, wartime developments in America, 9A. 
heat-treatment, use of salt baths, 43A. 
high-speed, low-temperature treatment, 6A. 
high-speed, nitriding, 6A. 
high-speed, production and heat-treatment, 464. 
high-speed, repair by welding, 464. 
high-speed, retained austenite, determination by Magnaflux 
method, 154. 
life, effect of heat-treatment, 464. 
machine, repair by welding, 784. 
-  tungsten-carbide, brazing, 264., 674. 
Torbanite, carbonization, 17A. 
Torsion Tests, micro-, 134. 
Torsional-Fatigue Tests, malleable cast iron, 294. 
Town Gas : 
use in annealing whiteheart malleable cast iron, 34, 
utilization in Great Britain, 38A. : 
Transformation Diagrams, isothermal, steel, 324., 544. 
Transformations : 
alloy steels, 254. 
austenite, effect of grain size, 50A. 
austenite, isothermal, 244. 
austenite at low temperatures, 264. 
chromium-molybdenum-nickel steel, effect of hydrogen, 96P, 
chromium steel, effects of time and temperature, 324, 


Transformations (contd.)— 
chromium steel, study by dilatometric method, 324. 
chromium steel, study by microscopical method, 324, 
chromium steel, study by X-ray diffraction method, 324. 
isothermal, austenite in chromium steel, 32A. 
isothermal, steel, effect of oxygen, 259 Paper. 
Triaxiality, effect on tensile strength, 68A. 
Tribo-Electrification, for sorting metals, 694. 
Tromp Coal-Cleaning Process, 24. 
Tube Mills, 84., 23A., 264. 
Tubes : 
carbon-molybdenum steel, graphitization in high-temperature 
steam, 694, 
chromium-molybdenum steel, bend tests, 51A. 
continuous welding machines for, 264. 
defects in, detection by magnetic analysis, 694. 
effect of shape on heat transfer, 584, 
flame spinning, 224. 
measurement of wall-thickness by X-ray micrometer, 234. 
protection by interior nickel plating, 10A. 
seamless, drawing, calculation of maximum reduction, 6A. 
seamless, heat-treatment, 65A. 
seamless, plating by Ekko process, 794. 
seamless, production, 65A. 
seamless, production, Assel process, 654. 
seamless, production, Diescher process, 654. 
seamless, production, Foren process, 654, 
seamless, production, pilger process, 654. 
stainless-steel, corrosion by naphtha, 16A. 
thick-walled, methods to reduce production costs, 654. 
thin-walled, creep tests, effect of cold-work, 144. 
thin-walled, creep tests, effect of heat-treatment, 144. 
welded, manufacture, 84, 
welded, manufacture, Fretz-Moon process, 234. 
welded, tests, modified Magnaflux method, 84. 
welding, by Uniwelding process, 774. 
Tukon Microhardness Testing Machine, 29A4., 814. 
Tungsten, detection in steel by drop reactions, 344. 
Tungsten Alloys, electrodeposition, 50A. 
Tungsten-Carbide Tools : 
brazing, 264., 67A. 
wartime developments in America, 94. 
Tungsten Deposits : 
Arizona, 1A. 
Cuba, 14. 
Nevada, 14. 
Washington, 14. 
Turbine Blades, stainless steel for, 144., 314. 
Turbines ; 
gas, chromium-molybdenum-nickel steel for, 82A. 
gas, heat-resistant alloys for, 534. 
steam, for blast-furnace blowers, 174. 
Turnings, steel, use in cleaning castings, 474. 
Tuyeres, blast-furnace, casting, 744. 
Tysland-Hole Electric Furnaces, for pig-iron production, 384. 


Uni-Temper Mill, 764. 
Unionmelt Welding Process, plastic flow, 784. 
United Kingdom : 
blast-furnace practice, 594. 
bonding clays, 19A. 
coal deposits, 37A., 724. 
coke-oven practice, 594, 
coking-coal resources, 37A. 
cold-rolling practice for sheet and strip, 644. 
corrosion research, 554. ' 
design and development of rolling mills, 644, 
moulding practice, history, 744. 
moulding-sand resources, 3A. 
steel foundries, bibliography, 194. 
steel production, developments, 614., 754. 
utilization of gaseous fuels, 38A. 
wartime steel specifications, 544. 
United States : 
acid electric furnace practice, 5A. 
alloy steel hardenability specifications, 814. 
basic electric steel production, 1940-1945, 5.4. 
design and production of rolls, 644. 
developments in extrusion process, 764. 
electrolytic manganese production from low-grade ore, 44, 
electrotinning of food containers, wartime standards, 104, 
forging and stamping processes, developments, 76A. 
foundry practice, wartime developments, 39A., 60A. 
fuel oil, uses and conservation methods, 73A. 
heat-treatment and hardening processes, 7A. 
iron and steel industry, developments in 1945, 614., 744. 
metallurgical industry, comparison with Germany, 404. 
metallurgical industry, wartime developments, 404A. 
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United States (contd.)— 
open-hearth practice, use of ores, 44., 75A. 
rolling practice, 764. 
sponge-iron production, using low-grade fuel, 44. 
steel castings, wartime production and developments, 604, 
steel foundries, bibliography, 194. 
steel production, developments in 1945, 744. 
steel production, wartime practice, 44. 
steelplant illumination, 764. 
use of carbon bricks in blast-furnaces, 574. 
wartime developments in cutting tools, 94. 
wartime production of grey cast iron, 184, 
wartime steel specifications, 544, 
wire-drawing practice, 6A., 764. 
X-ray equipment, high-voltage, 844. 
X-ray examination of bombs and shells, 544, 
United States Bureau of Mines : 
electrolytic-manganese production, 214. 
sponge-iron production in rotary kiln, 184. 
United Steel Companies, Ltd., efficient use of fuel, 183. 
Universal-Cyclops Steel Corporation, stainless-steel production, use 
of electrolytic manganese, 624. 
Uniwelding Process, for steel tubes, 77A. 
Upset-Forging Machines, 764. 
Utah, vanadium deposits, 14. 


Vacuum-Cleaning Equipment, for castings, 754. 
Valves, aircraft-engine, facing, properties and use of Hatonite, 824. 
Vanadium : 
detection in steel by drop reactions, 344, 
effect on creep strength of steel, 134. 
effect on hardenability of steel, 144. 
effect on impact strength of steel, 144. 
effect on impact strength of cast steel at low temperatures, 284, 
effect on tensile strength of steel, 14.4. 
Vanadium Deposits : 
Colorado, 14. 
Utah, 14. 
Vanadium Steel, determination of titanium by spectrum analysis, 
71A, 
Ventilation in foundries, 214., 75A. 
Vibration of tools, investigation, 9A. 
Virginia : 
manganese deposits, 1A. 
tin deposits, 14. 
Viscometer, Herty modified type, for determination of viscosity of 
welding slags, 45A. 
Volta Redonda Steelworks, rolling-mill plant, 234. 


Washington : 
manganese deposits, 1A. 
tin deposits, 1A. 
tungsten deposits, 1A. 
Waste Heat, recovery, control and utilization, 174. 
Water : 
corrosion of coupled metals, measuring apparatus, 554. 
corrosion of metals, methods of reducing, 55A. 
Water Supply for steel plants, 764. 
Watertown Arsenal : 
research on centrifugal casting of gun barrels, 614. 
research on ferrous metallurgy, 834. 
Wear : 
by friction, measurement, 29A., 30A. 
metals, 86A. (Book.) 
plated automobile parts, 10A. 
silica-brick open-hearth roofs, 404. 
steel balls, in wet-grinding, measurement, 314. 
Wear-Resistant Steel, for mining industry, 544. 
Wear Testing Machine, 294. 
Weld Metal : 
analysis and properties, 45A. 
bend-fatigue tests, 464. 
determination of hydrogen, 344. 
notch-sensitivity, 464A. 
plastic flow, 78A. 
Weldability : 
alloy steel, 664. 
earbon steel, 66A. 
high-tensile steel, 674. 
metals, 27A., 464. 
nickel steel, 67A. 
stainless steel, 26A., 464. 
Weldability Tests : 
cast steel, 8A., 784. 
nickel steel, 674A. 
research work by British Welding Research Association, 454. 
Welded Bars, distortion, 464. 
Welded Boilers, annealing, 74. 


Welded Gas Mains, failure, 454. 
Welded Joints : 
failure, 464. 
hardness tests, 46A., 67A. 
impact tests, 674, 
tensile tests, 464., 67A. 
Welded Joists, distortion, 464. 
Welded Parts, for machinery, design factors, 78A. 
Welded Structures : 
brittle fracture, 78A. 
X-ray examination, 67A. 
Welded Tubes : 
continuous welding machines for, 264. 
manufacture, 8A. 
manufacture, Fretz-Moon process, 234. 
tests, modified Magnaflux method, 8A. 
Welding : 
automatic, arc, bomb boxes, 8A. 
cast iron, 364. (Book.) 
chromium-molybdenum-nickel steel, 8A., 67A. 
cold-, cast iron, 464, 
electric, electrical equipment for, 784. 
electric, for maintenance and construction, 674. 
electric arc, costs, 664. 
factors affecting selection of steel for, 67A. 
flash, technique and quality control, 464. 
flash-butt, 46A, 
gas-, distortion of sheets, 67A. 
German shipyard practice, 78A. 
German standard specifications, 474. 
Germany, wartime applications, 664. 
high-speed steel to cast-iron shanks, 67A. 
low-alloy steel, 674. 
mild steel, 26A. 
nickel steel, 674. 
Nitralloy steels, 674. 
oxy-acetylene, cast iron, 364., 714. (Book.) 
repair of high-speed steel tools, 464. 
repair of machine tools, 784. 
repair of malleable iron castings, 464. 
repair of milling cutters, 464. 
resistance, stainless-steel aircraft-engine parts, 674. 
shear blades, 8A. 
spot-, chromium-molybdenum-nickel steel, 264. 
spot-, effect of variables, 46A. 
spot-, high-speed, 784. 
spot-, measurement of electrical resistance, 674. 
stainless steel, 8A. 
in steel-plant maintenance, 464. 
steel tubes, Uniwelding process, 774A. 
thermit, for repair of rolling-mill pinion shaft, 464. 
tungsten-carbide tips to cast-iron shanks, 67A. 
under water, 26A. 
wartime developments, 84. 
Welding Arcs, electro-physics, 454. 
Welding Electrodes : 
aluminium-bronze, 46A. 
manufacture of coatings by powder metallurgy process, 84., 474. 
Welding Machines ;: 
for chains, 47A. 
continuous, for strip, 26A. 
continuous, for tubes, 26A. 
flash-butt, 46A. 
seam-, 674A. 
spot-, 674. 
Welding Slag, viscosity, determination by modified Herty visco- 
meter, 454 
Welds : 
bend tests, 78A. 
cracks in, detection by hammer tests, 84. 
cracks in, detection by modified Magnaflux method, 84, 
eracks in, detection by X-rays, 264A. 
cracks in, effect of hydrogen, 454. 
ductility, method of predicting, 674A. 
examination by gamma-radiography, 324. 
flash, chromium-molybdenum steel, fatigue properties, 784. 
spot-, quality control, statistical methods, 674. 
supersonic testing, 336P. 
tests, 46A. 
Unionmelt process, plastic flow, 784. 
X-ray tests, 264. 
West Virginia, manganese deposits, 14. 
Western Australia, iron ore deposits, 724. 
Westin bonve Electric Corporation, rocket projectile manufacture, 


Wheel Hubs, induction hardening, 74. 

Wheeling Steel Corporation, blast-furnace, steel, and rolling-mill 
plant, 854. (Book), 

Wheels, railway wagon, production, 194. 
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Williams Prize : X-Ray Diffraction Analysis, compounds in lime-magnesia-silica 
awarded to R. Jackson, 5P. system, 574. 
awarded to T. F. Pearson, 5P. X-Ray Equipment, high-voltage, 844. 

Wire : X-Ray Examination : 
annealing, 7A. basic slag, 135P. 
drawing, American practice, 6A., 76A. bombs and shells, 544. 
drawing, lubricating compounds, 234., 644. castings, 324. 
drawing, reactive, 434. iron and steel, penetration intensity, 154. 
drawing, theory, 644. metals, 164. (Book.) 
drawing dies, calculations for, 6A. oxide films on iron, 16A. 
enamelled, pin-hole tester for, 804. slag-oxide systems, 22A. 

_ fine steel, production and wartime applications, 234A, slag-oxide systems, 353P. (Correspondence.) 

galvanizing, Herman hot-dip process, 79A. welded structures, 67A. 
heat-treatment and cleaning, salt baths for, 77A. welds, 264. 
manufacture, bibliography, 434. X-Ray Micrometer, for thickness measurement, 234. 
manufacture, history, and developments, 434. X-Ray Photographs : 
pickling tanks, submerged heating equipment, 104. powder, obtaining by Debye and Scherrer method, 834. 
shot-peening, effect on fatigue strength, 804. powder, for study of atomic structure of steel, 834. 
stainless steel, descaling, sodium hydride process, 484. ultra-high speed, methods of obtaining, 844. 
stainless steel, hydrogen embrittlement, 824. X-Rays : 

Wire-Drawing Machines, 644. application in micro-analysis, 844. 4 

Wisconsin Steel Works, segregation of scrap, 414. developments and industrial uses, 834. 

Witter Process, for forging shells, 764. measurement of internal stresses in steel, 514. 


Wohler Curves, chromium-molybdenum steel, 12A. 
Work-Hardening, of steel, effect of machining, 524. 


Work Studies : Yield Point, in bend tests of bars and tubes, 514. 
plate-mill finishing shop, 234. Yield Stress, metals, effect of cold- and hot-rolling, 234. 
shearing of plates, 234. Yorkshire, coking-coal resources, 374. 

World : Young’s Modulus, bibliography, 804. 


iron-ore deposits, 1A. 
manganese deposits, 1A. 


Worn Parts : Zeiss Microhardness Testing Machines, 524. 
building up by electrodeposition, 104. Zine : 
repair by metal spraying, 804. determination in corrosion-resistant steel, 344. 
Worn Rolls, repair of, 65A. electrodeposition, 494. 
Worth Steel Co., open-hearth furnaces, repair, 40A. use in cathodic protection, 16A. 
Wrought Iron, corrosion, methods of prevention, 364A. (Book.) wartime production in America, 40A. 
Wyoming, sponge-iron production in rotary kiln, 184. Zine Coating, by immersion method, 794. 


Zine Coatings : 
corrosion resistance, improving by Cronak process, 494. 


X-Ray Diffraction : properties and tests, 494. 
applications, 544., 834. thickness measurement by B.N.F. jet test, 504. 
examination of effect of shot-peening on fatigue, 524. Zinc-Iron Couples, corrosion in soil, 56A. 


for studying transformations in chromium steel, 324. Zirconium, determination in iron and steel, 704. 
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